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Zusammenfassung 
In den letzten Jahrzehnten wurden große Anstrengungen unternommen, um 
mikroelektronische Sensoren mit biologischen Systemen wie dem menschlichen Körper 
zu koppeln. Es ist eine große Herausforderung, genau zu verstehen wie ‚synthetische‘ 
Materialen so in Kontakt mit biologischem System gebracht werden, dass diese von 
einem biologischen Organismus ‚akzeptiert‘ werden und ihre vorgesehene Funktion 
behalten. Insbesondere ist es von großem Interesse, die Langzeit-Interaktion von 
biologischen Systemen zu untersuchen, welche mit einem Biosensor in Kontakt 
gebracht wurden. Es gibt eine Vielzahl von Biosensoren, die die elektrische Aktivität 
von Zellen, wie man sie im Herz oder Gehirn findet, detektieren können. 
Herzmuskelzellen und neuronale Zelle können elektrische Aktivität in Form von 
Aktionspotentialen aufweisen, welche durch schnelle Änderungen des 
Ruhemembranpotential hervorgerufen werden. Diese elektrischen Signale kann man 
typischerweise extrazellulär mit Multielektrodenarrays (MEA) unter in vitro 
Bedingungen  aufzeichnen. MEAs sind chip-basierte Biosensoren, die typischerweise 
aus Metallelektroden auf der Mikrometerebene bestehen. Über Jahrzehnte hinweg 
wurden die Schnittstelle zwischen planaren Elektroden und elektrisch aktiven Zellen 
untersucht und dabei haben viele Wissenschaftler starke Einschränkungen bei der 
Signalaufnahme/Zellstimulation festgestellt, welche durch den räumlich Abstand 
zwischen den Zellen und den aktiven planaren Elektroden des MEAs bedingt sind. Um 
diese Limitierungen zu überwinden wurden in neuerer Zeit 3D Mikroelektroden 
eingesetzt unter der Hypothese, dass eine biomimetischen Form (Pilz-artig) einen sehr 
dichten und engen Kontakt zwischen Zelle und der Elektroden induzieren kann. Dies 
wiederum hat zur Folge, dass die Qualität bei der Aufnahme drastisch erhöht werden 
und das aufgezeichnete Signal vergleichbar in Form und Amplitude mit typischen 
intrazellulären Aufnahmen ist. Die hier vorgelegte Arbeit untersucht die Möglichkeiten 
zur Herstellung von 3D Metallelektroden mit zwei fundamentalen Geometrien: 
Zylinder und Zylindern mit Kappen (pilzartig). Des Weiteren wurde das Interface 
zwischen den hergestellten 3D Nanostrukturen und elektrisch aktiven Zellen 
(Herzmuskelzellen HL-1 und primären kortikalen Neuronen) untersucht und 
charakterisiert. Der Inkorporationsprozess der 3D Nanostrukturen durch die Zellen 
wurde untersucht und die Deformation der Zellmembran mit 
Rasterelektronenmikroskopie und „Focused-Ion-Beam“-Technik analysiert. Dadurch 
konnte eine 3D Struktur gefunden werden, welche optimal in Form und Dimension auf 
der Nanometer-Skala auf Zellen abgestimmt wurde. Des Weiteren wurde ein optimales 
Design gefunden, das den räumlichen Spalt zwischen Zelle und der 3D Nanoelektrode 
soweit wie möglich reduziert. Diese 3D Nanostrukturen wurden auch hergestellt, um 
gerichtetes Zellwachstum von wohl-definierten Zellnetzwerken auf gitterartigen 
Strukturen gewährleisten. Das gerichtete Zellwachstum erlaubt es zu untersuchen, wie 
Zellen miteinander interagieren und Informationen durch elektrische Signale im 
Netzwerk austauschen. Zuletzt wurde die 3D  Nanostrukturen auf MEAs hergestellt, 
um damit gleichzeitig Zellwachstum steuern und erfolgreich Aktionspotentiale 
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aufnehmen zu können. Diese Arbeit leistet einen Beitrag zum Design von 3D 
Nanoelektroden für verbesserte Zell-Biosensor-Interfaces. In zukünftigen Arbeiten 
können solche 3D Nanoelektroden auch für in vivo Biosensoren und Aktuatoren 
eingesetzt werden, um die elektrische Aktivität von neuronalem und Herz-Gewebe 
aufzuzeichnen und dieses sogar aktiv zu stimulieren. 
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Abstract 
During the course of the last decades many endeavors have been made to couple 
micro electrical engineering devices to biological systems such as the human body. It 
remains a big challenge to understand how ‘synthetic’ materials can be embedded into 
living tissues in a way that it is ‘accepted’ by the biological host and maintains its full 
engineered functionality. In particular, it is of great interest to investigate the long-
term response of biological systems which are brought in contact with such biosensors. 
There is a wide variety of biosensors which can interface cells with electrical activity, 
such as cells from the heart and the brain. Cardiomyocytes and neuronal cells can elicit 
such electrical activity in form of action potentials which are fast events in the change 
of resting membrane potential. Such electrical events can be recorded extracellularly 
by multi electrodes arrays (MEA) under in vitro conditions. MEAs are chip-based 
biosensors with metal electrodes in the micrometer range. For decades, the interface 
between planar electrodes and electrogenic cells has been investigated, and scientists 
found big limitations in signal-recording/stimulation due to the spatial gap forming 
between the target cells and the active planar electrodes of a MEA. To overcome these 
limitations, 3D microelectrodes have been recently proposed considering that a 
biomimetical shape (mushroom-like shape) can induce a very close and tight contact of 
the cell on to the electrode. Creating such tight interface massively improves the 
quality of the recorded signal and the obtained signal is even comparable in shape and 
amplitude with typical intracellular recording. The presented work investigates the 
possibility to fabricate 3D metal electrodes with fundamentally two shapes: cylinders 
and cylinders with caps (mushroom-like). Moreover, the focus of this thesis is to 
characterize the interface between the fabricated 3D nanostructures and electrogenic 
cells (HL-1 cells and primary neurons). First, the process of engulfment-like of the 3D 
nanostructures by the cells has been investigated with particular attention to the cell 
membrane deformation by scanning electron microscopy and focused ion beam 
sectioning. An optimal 3D structure has been found in respect of shape and dimensions 
in the nanometer regime. Moreover, the optimal design has been found in order to 
reduce as much as possible the gap between the cell and the actual 3D nanoelectrode. 
In addition these 3D structures have also been fabricated for cell guidance on a grid 
design to create well-defined networks of cells: this spatial cell arrangement allows 
studying how cells interact and exchange information via electrical signals within the 
network. Finally, 3D nanostructures have been fabricated on a MEA together with a 
guidance grid-pattern to simultaneously guide electrogenic cells and successfully 
record action potentials. This thesis contributes to predict an optimal 3D 
nanoelectrode design for improving the cell-biosensor interface. In future works, such 
3D nanoelectrodes could be implemented for in vivo biosensors and actuators to 
record the electrical activity of neuronal or cardiac tissue and moreover, to actively 
stimulate them. 
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1. Introduction 
Bioelectronics is a discipline which brings together physics, biology, chemistry and 
electrical engineering (1). Bioelectronics extends from studying single molecule 
electrical and chemical properties (2–4) to characterize neuronal cell activity from the 
brain with chip-based biosensors (5). The fundamental tools involved for investigating 
are biosensors and actuators. These devices are capable of interacting with biological 
or chemical systems and transduce a phenomenon in to an electrical dimension (6). In 
the last decades, scientists could study, for example, how we can move our hands on 
the macro and micro scale with biosensors and from these studies they could replicate 
and create an artificial system like a robotic hand capable of moving biomimetically (7). 
A branch of bioelectronics is neuroelectronics: the main focus is to investigate and 
describe how cells interact and communicate in the brain (8). Traditional techniques 
such as tomography give a complete and detailed overview about morphological 
aspects and structure of the brain (9). The fact that in the brain there are so many 
different cell types, brings the idea that a morphological study is definitely an 
advantage but it is not enough. It is still necessary to understand how different cell 
types interact, communicate between each other and how they can finally make us 
doing ‘something’. Neuroelectronics does not want to give an answer to the question 
‘how do we think’, instead tries to understand how our brain thinks. Many approaches 
have been developed to describe how neurons communicate in the brain. An 
important classification can be done considering the scale of the investigations. There 
are basically two approaches, in vivo and in vitro (10). For this thesis, the focus is on 
one of the possible in vitro techniques, where the communication between different 
neuronal cells can be investigated by using a biosensor that extracellularly detects the 
cellular electrical activity (11). Extracellular means that the biosensor is in contact with 
cells at the cellular level (micro and nanoscale). Cells can adhere on the biosensor 
without being ‘affected’ by the device in a non-physiological way on the extracellular 
side of the cell. In particular, a biosensor is designed for being bioinert, without 
altering the cell outgrowth, and biocompatible, without inducing toxicity effects. 
Moreover, an extracellular biosensor is not invasive because does not penetrate the 
intracellular area of a living cell. This is the biggest advantage of biosensors that are 
indeed not optimal for an accurate description of the electrical activity at a single cell 
level. Intracellular methods, i.e. patch clamp, are still the optimal approaches for 
investigating the electrical activity (action potentials) of electrogenic cells at the single 
cell level (12). Even if a patch clamp intracellular signal is very accurate and precise, 
this invasive technique can approach just one cell at a time and sometimes brings the 
targeted cell inevitably to death. Therefore, scientists in the bioelectronics field started 
developing extracellular biosensors which could be a valid alternative to patch clamp 
without being harsh and limited by a single cell investigation. One of the first steps 
toward a new chip-based extracellular concept was to bring new nanotechnological 
tools (13) to support in vitro methods. Chip-based biosensors have been fabricated on 
the nano and micro scale, by using standard techniques previously used for micro and 
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nano processing for electrical engineering (i.e. silicon-based electronics). In particular, 
electrical devices commonly used as sensors in industry (gas sensors, motion sensors, 
optical sensors) surprisingly could be involved as biosensors when the materials are 
biocompatible. On the one hand, electrical devices such as complementary metal oxide 
semiconductor (CMOS) (14–16) or field effect transistors (FET) (17,18) represent a 
suitable class of biosensors which can be used for detecting action potentials from 
electrogenic cells. On the other hand, devices which are electrically less complex can 
be valid tools for recording cell action potentials extacellularly. For example, multi 
electrode arrays (MEAs) are devices characterized by having metal electrodes coupled 
with a dielectric material to electrically insulate the non-active parts of the device (19–
22). Such metal electrodes record action potentials from electrogenic cells by detecting 
a capacitive current in the extracellular environment and transduce this event in a 
current or voltage signal (19). In a standard configuration, these devices record signals 
from a network of cells and in principle, they can also be actuators by ‘sending’ a 
voltage or current signal to the network for stimulating cells. MEAs are typically 
fabricated by metal deposition/lift-off and evaporation steps (i.e. insulator oxide 
deposition) on a wafer scale. Then, they are prepared and surface-activated in order to 
create a cell-friendly environment (23). In a typical experiment, MEAs are coated with 
biomolecules such as proteins that cells can recognize as proteins of their own 
extracellular matrix (ECM). Cells grow on MEAs and by an amplification system, the 
electrical signal is recorded and displayed. The recording is performed on a multi cell 
level, is not invasive and can be also carried out on the long term (24,25). The crucial 
point in this cell/biosensor electrical system is how well electrogenic cells adhere and 
couple to the actual electrical device. To improve the coupling, many strategies have 
been investigated. On the electrode material side, metal electrodes have been 
modified with nanostructured materials such as carbon nanotubes (CNTs) (26), 
diamond (27), graphene (28), or organic semiconductors (17,29) to improve the 
adhesion capability of the device and biocompatibility, guaranteeing good electrical 
properties. On planar devices (2D MEAs), cells can nicely adhere on the active 
electrodes but there is a cleft forming between the cell and the electrode, which 
affects massively the electrical quality of the signal recorded from the cell (30) or sent 
to cells for stimulation. A new approach has been recently proposed by modifying the 
actual geometry of the MEA electrodes passing from a 2D to a 3D electrode design 
(31). Nano and microstructured 3D metal electrodes have been successfully fabricated 
(32–51) bringing the community first to investigate and understand how cells interact 
with 3D electrodes (40,47,51–55) and then, analyzing the quality of the signal from an 
electrical point of view. It has been shown that 3D electrodes promote a complex 
engulfment-like mechanism which drives a cell to attach on to them. For planar 
electrodes, a cell finds some ‘anchoring’ points on the electrode surface which is 
attractive because of the typical protein coating. For the 3D electrodes the scenario is 
conceptually very different: a cell can be also attracted by the shape of the electrode. 
Therefore, many studies focused first on finding out an electrode shape appealing for 
electrogenic cells and, then, an optimization of the electrical parameters has to be 
carried out. For example, it has been shown that 3D microelectrodes with a mushroom 
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shape, called microspines, are very attractive for neuronal cells (54). In a neuronal 
network, there are dendritic spines, which are responsible of biomechanical stability 
and signal transmission from one cell to another within the network. These dendritic 
spines have also a peculiar mushroom-like shape. Therefore, a neuronal cell could 
recognize a 3D microspine electrode as its own dendritic spine and adhere to it in a 
physiological way. Among all the examples in literature, it is possible to distinguish two 
mostly used designs for 3D nano and macroelectrodes: cylinders with and without a 
round cap. Moreover, the actual electrode dimensions play an important role 
considering that cells respond in a different way when in contact with objects in 
micrometer or nanometer range. It has been shown that cylindrical vertical pillars were 
capable of recording action potentials from heart cells (33,35–37,42) while cylinders 
with cap were involved for recording electrical activity of non-vertebrate neuronal cells 
(39,41). The actual interface between 3D electrode and electrogenic cells has been 
characterized by conventional fluorescence microscopy and transmission electron 
microscopy (38,40,43,46,47,51,54,55) but a systematic and methodological study is still 
needed. In theory, the mechanism which drives a cell to contact a 3D nano or 
microelectrode is similar to the phagocytosis of a particle. A particle interacts with the 
cell membrane which deforms and extends to let the particle to be first wrapped, and 
then internalized. In case of 3D electrodes, the structures cannot be internalized 
because they are fixed to the electrical devices but the cell promotes an engulfment-
like event deforming its membrane according to shape and size of the 3D electrode. 
Actually, these 3D nano and microelectrodes showed an improvement of the electrical 
coupling but it still remains a big challenge to find an optimum to guarantee a stable 
electrical contact between a 3D metal electrode and a target cell on a chip-based 
biosensor.  
The goal of this thesis is to establish a consistent and ad hoc fabrication process of 3D 
nanostructures, to investigate systematically the interface between cells and 3D 
nanoelectrodes by focused ion beam, and to perform action potentials recordings with 
3D MEAs. In particular, in Chapter 2, the theoretical background about the topics 
discussed in this thesis will be given. The principles about electrogenic cells and their 
electrical activity will be discussed. Moreover, the principle techniques for recording 
will be explained with particular focus on extracellular recording with MEAs. A 
particular attention will be given on the electrical limitations of MEA recording systems 
by studying in details the equivalent electrical circuit representing the cell-electrode 
interface valid for planar and 3D MEAs. In Chapter 3, an overview about the materials 
and methods involved in this thesis will be described in details. The fabrication process 
by means of electron beam lithography and the cell experiments materials will be 
shown. Moreover, the basic methodology about the interface investigation by focused 
ion beam will be presented. Chapter 4 will be focused on the actual results of this 
thesis concerning the success in fabricating 3D metal nanostructures in different 
designs and shapes, action potentials recording with 3D MEAs, interface investigation 
at the nanoscale by scanning electron microscopy (SEM), and focused ion beam (FIB). 
Furthermore, the results about cell guidance of primary neurons and cardiomyocyte-
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like cells (HL-1) will be presented. The obtained results will be further discussed in 
comparison with similar works presented in literature. In Chapter 5, a summary of the 
overall work will be given with particular attention on highlighting the novelties 
brought in the bioelectronics field by this thesis. In the end, Chapter 6 will give an 
overview of possible outlook for future works involving 3D MEA devices.  
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2. Theoretical and Experimental 
Background 
In this chapter, the theoretical background will be provided for better understanding 
the experimental evidence that will be presented in chapter 4. The focus will be on 
electrogenic cells and how they develop electrical activity. Methods for recording the 
cell activity will be discussed. The basic concepts about Multi Electrode Arrays (MEAs) 
will be described and a comparison between planar and 3D MEAs will be given.  
 
2.1 Membrane potential 
The cell membrane is a diffusion barrier for specific ions and physically separates the 
extracellular and intracellular domains of a cell. The membrane is basically formed by a 
lipid bilayer with embedded proteins called membrane proteins: it also acts electrically 
as an insulator (Fig. 2.1).  
 
Figure 2.1 Schematic of cell membrane for a eukaryotic cell. Adapted from (56). 
The membrane voltage is the electric potential difference between the extracellular 
and intracellular domains of a cell. Electrophysiologists usually refer to the membrane 
voltage as the membrane potential. When there is no ion current flowing, the cell 
establishes a typical constant voltage over the cell membrane called resting membrane 
potential, which can vary from -40 mV to -80 mV, with respect to the extracellular 
domain and dependent on cell type. Active pumps and ion transporters (i.e. sodium-
potassium exchanger) can move ions across the membrane with chemical energy 
consumption, and in this way, the concentration differences are maintained. In 
general, it is possible to define the voltage for a single ion species from the 
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extracellular to the intracellular domain using the so called Nernst equation defined as 
(57):  
                                                                 𝐸𝑗 =
𝑅𝑇
𝑧𝐹
ln (
𝐶𝑗
1
𝐶𝑗
2)                                        (eq. 2.1) 
where Ej is the voltage across the membrane at an equilibrium point j, z is the charge of 
the ion, F is the Faraday’s constant, R is the gas constant, T is the absolute 
temperature, and Cj1 and Cj2 are the ion concentrations on outside and inside the cell, 
respectively. It is important to note that the ion flow through the membrane is mostly 
regulated by pores, pumps and ion channels, which have a ‘resistivity’ to the ion flow. 
The cell membrane behaves basically as a capacitor, while pores and ion channels can 
be represented as variable resistors. Therefore, the equation 2.1 can be adapted by 
considering a relative permittivity of each ion species: 
                                                                    𝑉𝑚 =  
𝑅𝑇
𝑧𝐹
ln (
𝑃𝑗[𝐶]
1
𝑃𝑗[𝐶]
2)                                         (eq. 2.2)                                                              
where Vm is the membrane voltage measured across the membrane, Pj is the ion 
permeability through the membrane at extracellular concentration [C]1 and 
intracellular concentration [C]2. In general, the ions which give the highest current 
across the membrane are K+, Na+, and Cl-. It is possible to estimate the membrane 
potential as: 
                                                𝑉𝑚 =  
𝑅𝑇
𝐹
ln (
𝑃𝐾[𝐾]
1+ 𝑃𝑁𝑎[𝑁𝑎]
1+ 𝑃𝐶𝑙[𝐶𝑙]
2
𝑃𝐾[𝐾]2+ 𝑃𝑁𝑎[𝑁𝑎]2+ 𝑃𝐶𝑙[𝐶𝑙]1
).                         (eq. 2.3)                                    
This equation 2.3 is known as Goldman equation. The charge z is not explicitly present 
as it was considered within the term of the individual ions (for the Cl- ion the sign has 
been inverted). 
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2.2 Action Potential 
As mentioned before, there are many channels embedded in the cell membrane which 
have variable permeability. The permeability can change due to stimuli as 
temperature, mechanical stress, ligand binding or a voltage variation across the 
membrane. Different ions species can flow across the membrane causing a shift of the 
membrane potential from the resting potential value: the membrane potential can 
become more positive (depolarization) or more negative (hyperpolarization). In 
electrogenic cells, voltage gated channels (channels that change their configuration 
depending on the voltage across the membrane) can be activated by the change in the 
membrane potential when crossing a threshold voltage, which depends on the channel 
type, inducing an action potential (AP). For example, sodium channels have this 
threshold voltage fixed at about -45 mV in neuronal cells: when the membrane 
potential reaches this value, the channels open, allowing sodium ions flowing into the 
cell, bringing the potential to about +58 mV, according to the Nernst equation 2.1. 
After about 3 ms, as the potassium channels open, the sodium channels close and so 
the cell repolarizes (see red curve in Fig. 2.2). 
 
Figure 2.2 Schematic of a neuronal action potential and action potential from a 
cardiomyocytes: Red curve refers to neuronal AP, blue curve refers to cardiomyocyte AP. 
Points A and a represent the first depolarization of the cell due to stimuli. B and b 
depolarization reaches the threshold value (dashed green line) inducing the opening of voltage 
gated sodium channels so the cell fires an AP. Points C and c represent the repolarization 
region due to potassium channels opening with undershoot (point D) for the neuron AP. The 
plateu of the cardiac AP (region e) is caused by calcium channels and calcium-induced release. 
Adapted from (58). 
In muscle cells, i.e. cardiomyocytes, this process is accompanied by an intracellular 
calcium release. A typical action potential for a neuronal cell and a cardiac myocyte is 
shown in Fig. 2.2. 
In neuronal cells, action potentials occur not only on the cell body but can propagate 
along the axon as well. At the end of the axon, the cell forms a pre-synaptic site where 
the electrical signal is converted in to a chemical signal by neurotransmitter release. 
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These neurotransmitters are detected by a neighboring neuron on its own postsynaptic 
site and then converted in to an electrical signal again. The cleft between the 
presynaptic and the postsynaptic neuron is called the synapse (Fig. 2.3). 
 
Figure 2.3 Action potential propagation by neurotransmitter release through synapse. 
Adapted from (59). 
Cardiac cells perform action potentials as well, but the basic propagation mechanism 
of the electrical signal is based on electrical synapses, so called gap junctions (Fig. 2.4). 
The cytoplasm of two neighbor cells directly connects allowing ion flow resulting in a 
current propagation (60). If the neighbor cell is depolarized above threshold, an action 
potential is induced in the second cell and this propagation mechanism is actuated in a 
third cell in the live tissue. Typical propagation speeds are in the range of 7-30 mm/s 
(58,61). 
 
Figure 2.4 Schematic of a gap junction. Adapted from (60).  
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2.3 Electrogenic cells 
 
2.3.1 Primary neurons  
In this work, neural cells were isolated from rat embryo cortex, which is a region in the 
brain, clearly visible as dark violet region in Fig. 2.5 a. The cerebral cortex is generally 
divided into two cortices (62). The isolation of the primary neural cells from the 
original tissue can be carried out by enzymatic dissociation (63,64) (an example of 
dissociated cells is shown in Fig. 2.5 b) or by mechanical dissociation (65).  
 
Figure 2.5 Cerebral cortex and cortical neurons: a) dark red violet stains the cortical region of 
a macaque brain (62), b) enzymatic dissociated rat cortical neurons (4 days in vitro). 
Typically, a neuron has a soma, a main protrusion called the axon, and branched 
protrusions called dendrites. The axon and dendrites are named neurites when they 
are in an undifferentiated stage. In fact, the neuronal outgrowth can be classified in 
five stages (Fig. 2.6). 
 
Figure 2.6 Different stages of neuronal polarization. Adapted from (66). 
After the dissociation from the tissue, neuronal cells have very thin filopodia, which are 
projections equipped with focal adhesion proteins attaching the target substrate (67). 
2. Theoretical and Experimental Background 
20 
 
Several hours after the dissociation, the neuron develops so called immature neurites. 
These are protrusions bigger than the thin filopodia presented in the first stage. Stage 
3 starts 12 hours after plating: one neurite ‘wins’ over the others, extending faster and 
forming an actin-supported protrusion called growth cone. The main extension 
becomes the cell axon during stage 4, in combination with dendrites development and 
branching. In the mature stage (stage 5), dendrites form dendritic spines, which are 
responsible for the cell-cell communication and for biomechanical stability of the cells 
within a network (66). Then, neurons are ready for creating synaptic contacts with 
their neighbor cells within a network, allowing an electrical signal transfer from one 
cell to the other via neurotransmitters or electrical synapses (section 2.2). 
2.3.1 HL-1 cells 
HL-1 is a cell line derived from a mouse atrial cardomyocyte tumor (68). In contrast to 
primary neurons, which are normally not capable of proliferation, tumoral cells can 
proliferate and survive for a long time in in vitro environment (69). These cells can be 
passaged via an enzymatic process for cell splitting. An example of cells re-dispersed 
on a substrate after enzymatic splitting is shown in Fig. 2.7 a. This cell line can be re-
cultured for many cycles, still preserving the peculiar myocyte phenotype. APs 
coordinated contraction of the tissue is evidence of mature culture connected by gap 
junctions as already mentioned in section 2.2. Gap junctions form when cells 
proliferate to create a confluent monolayer (Fig. 2.7 b). The mechanical contraction of 
these cells is mainly caused by the intracellular calcium-induced calcium, as discussed 
in section 2.2. During an AP, the calcium ions free the actin-myosin binding sites and so 
the mechanical contraction is actuated (58,70). 
 
 
Figure 2.7 HL-1 proliferation: a) cells after re-dispersion on a culture substrate, b) cells after 3 
DIV forming a confluent monolayer. Scale bars: a) 60 m, b) 100 m.  
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2.4 Electrophysiology 
Electrophysiology aims to study the electrical activity of cells, tissues, and organs. On 
the large scale, an electrocardiography is an excellent example of a non-invasive tool 
for studying the electrical activity of a big organ such as the heart by using surface 
electrodes (71). Such ‘top to bottom’ approach involves electrodes which measure 
potential differences between reference points on the heart and the body. Similar 
techniques are well-established for the brain, by placing electrodes on the scalp and 
recording the field potentials as for electroencephalography (72). On the one hand, 
these standard clinical techniques give large scale information about the electrical 
activity of an organ or a tissue on the macroscale and about the electrical field 
distribution, which can be investigated especially in pathological cases. On the other 
hand, these techniques are expensive and still not optimized in terms of dimensions 
and engineering (i.e. non-portable devices, no battery, AC coupling to the network 
power not optimized). In the last decades, electrophysiologists developed many 
‘bottom to top’ approaches: understanding the electrical activity of electrogenic cells 
starts first on the single cell level, then on the level of cell networks, and finally on the 
tissue level. These new approaches were developed in vivo (9,17,73–75) and in vitro 
(5,12,26,29,31,35,76–78). In this section, the focus will be mainly on the most 
prominent in vitro techniques, established for single cell recordings and networks of 
cells. In general, electrophysiological recordings can be divided into intracellular 
recordings, performed as ‘invasive’ methods, and extracellular recordings, which are 
mainly carried out as ‘non- invasive’ methods. 
 
2.4.1 Intracellular recordings: patch clamp 
In the last century, the electrical activity of a cell or a tissue was typically studied by 
inserting glass microelectrodes invasively (79). Besides sharp glass electrodes, patch 
clamp electrodes can be used to measure the electrical activity of single cells. The 
patch clamp technique was first proposed in the work of Neher and Sakmann (12) who 
were awarded the Nobel Prize in Medicine for their work in 1991. The intracellular 
recording is performed by using a glass micropipette with a built-in metal electrode 
(typically a silver chloride wire in a saline solution). This electrode attaches the cell 
membrane and allows recording of the ion flow of ion channels, for example Na+ 
channels (Fig. 2.8) which are mainly responsible for action potentials as discussed in 
section 2.2. Under optimal conditions, when the pipette attaches to the cell 
membrane, a seal is formed between cell membrane and glass, which results in an 
electrical seal resistance in the range of gigaohms. On the one hand, the measured 
current across the membrane has a very low noise, on the other hand the 
measurement is carried out in very stable mechanical conditions. The electrical 
measurements can be performed either in voltage-clamp mode, where the voltage is 
set to a reference value and the ion current is measured through the pipette (80) or in 
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current-clamp mode where a current is injected into the cell and the potential is then 
recorded. 
 
Figure 2.8 Patch clamp cell-attached configuration (81). 
Recordings can be carried in defining different configurations: cell-attached or on-cell 
configuration, whole-cell configuration, outside-out configuration, and inside-out 
configuration (Fig. 2.9). The cell-attached approach is non-invasive, the glass pipette is 
just attached to the cell membrane. The whole cell-patch configuration provides a 
recording over the whole cell membrane: the glass pipette first attaches to the cell 
membrane and then the cell membrane is ruptured by suction, allowing the access to 
the intracellular side of the cell. In the inside-out configuration, a patch of the 
membrane is ripped off the cell after the pipette seals to the membrane having the 
intracellular side of the membrane exposed to the external medium. In contrast, in the 
outside-out configuration, the membrane is extracted after the whole-cell patch is 
done. By pulling away the micropipette, the patch of membrane stays at the end of the 
micropipette.  
 
Figure 2.9 Patch- clamp configurations.  
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2.5 Extracellular recordings with MEAs 
 
In this section, it will be discussed how to record action potentials from electrogenic 
cells without penetrating the cell by using an extracellular metal nano or 
microelectrode. These extracellular electrodes can be applied for recording signals 
from single cells, networks of cells, and whole tissues. The contact with metal 
electrodes does not harm the target cells, since in most cases the metals used are 
biocompatible and bioinert. They do not induce cell apoptosis (death), damage cells, or 
induce non-physiological changes in cell functions. In the first part of this section, an 
overview about a basic and general measurement system with MEAs will be given. The 
electrical interface between planar MEAs with electrogenic cells will be discussed and 
then finally, the improvement in cell-electrode coupling introduced by 3D MEAs will be 
presented in the final part of this section. 
 
2.5.1 MEA: general measurement system 
 
For extracellular recording of action potentials, MEAs have been largely involved as 
sensing devices. MEAs are chip-based biosensors generally designed by a matrix of 
metal electrodes insulated by a dielectric material and then connected to metal pads, 
which transfer the recorded signal to an amplification system. The amplitude and 
shape of the recorded signals mostly depends on the electrode material and size, the 
coupling between the target cell and active electrode, and on the analog signal 
processing system (amplification system). Fig. 2.10 schematically shows which are the 
different blocks included in a typical MEA recording system.  
 
 
 
Figure 2.10 Block- schematic for MEA recording system. Adapted from (19). 
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The signal source is represented by the ion current generated by an electrogenic cell 
during an action potential. The interface is formed by the contact between cell-media-
electrode and finally, the ‘external’ hardware solution formed by the amplification and 
sampling system (19). In this thesis, the focus is on the interface between the 
electrogenic cell and electrode, and on the optimization of the MEA design for 
improving the cell contact, for guarantying an optimal signal transfer from the cell to 
the recording device. Therefore, in the next sections, an overview of the fundamental 
approach to planar and 3D MEAs and how it is possible to modify the interface 
biomechanically, electrically, and chemically will be given. 
 
2.5.2 Extracellular recordings with planar MEAs 
2D MEAs or so called planar MEAs are characterized by usually having circular or 
square thin metal electrodes. These devices usually have contact pads to connect to 
the amplification system. The contact pads are connected to the center electrode area 
by metal feed-lines. In typical MEAs, the overall device is then insulated by a 
passivation layer formed by a dielectric material that is removed at the electrode area 
and contact pads to allow electrical contact with the cell and the amplifier, 
respectively. Fig. 2.11 a shows an example of a typical top-contact MEA. 64 metal 
electrodes are placed in the center of the chip and they are connected to contact pads 
via feedlines. A glass ring placed on the top of the device confines the cell culture 
medium to the center part of the chip. Moreover, this ring confines the liquid in a way 
that the contact pads are not short-circuited. Cells are cultured on the active 64 
electrodes region (Fig. 2.11 b). 
 
 
 
Figure 2.11: Example of Planar MEA: a) overview of a MEA chip with contact pads and glass 
ring on the top to confine cell culture medium and cells, b) light microscope image of electrode 
area of a planar MEA. Adapted from (82). 
 
The MEA’s surface is chemically modified to promote cell adhesion, in particular on the 
electrode area (83). The surface modification is usually motivated by creating a cell-
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friendly environment based on biomolecules, either using proteins which belong to the 
extracellular matrix (ECM) or, for example, creating positive charges (84,85), which 
attracts the negative charge of the outer part of the cell. The layer of biomolecules can 
homogeneously cover the overall MEA area (23,86–89), guaranteeing the development 
of cell networks. On the one hand, having a healthy random network of cells ensures 
that cells will behave according to their phenotype and moreover, the cells have the 
possibility to spread on a large area. On the other hand it is necessary to optimize the 
contact between the cells and the electrode, which is not ideal when a random 
network of cells is developed on the MEA. Even with high-density cell cultures, the 
probability that a cell completely attaches on an electrode is very low because of the 
very small area of the active electrodes relative to the overall surface. 
Therefore, new techniques have been developed in recent years to pattern 
biomolecules on the MEAs, in particular on the active electrode area, and to artificially 
guide the cell toward the target area (90). Typical proteins are poly-D-lysine (PDL), 
poly-L-lysine (PLL), fibronectin or laminin patterned directly on the MEA surface. 
Common techniques are -contact printing (91–94) (an example is shown in Fig. 2.12 a) 
where the protein is printed from a stamp, or photopatterning (95,96) by using a UV-
resist as shown in Fig. 2.12 b. Another approach is to chemically activate the surface in 
a selective area. For example, gold surfaces can be selectively activated by covalently 
binding thiol molecules (97) with a terminal chain that is cell-attractive, as a positive 
amino-group. 
 
 
 
Figure 2.12 Cell pattern on planar MEAs: a) HL-1 patterned via micro-contact printing, b) 
primary neurons patterned via photolithography. Scale bar b): 200 m. Adapted from (94,95). 
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2.5.3 Electrical description of the cell-electrode 
interface 
Considering a single cell attached on a single electrode, the actual interface can be 
represented by an equivalent electrical circuit, as shown in Fig. 2.13. 
 
 
 
 
Figure 2.13 Schematic of electrical equivalent circuit of a cell on a planar MEA electrode: a 
cell (blue) on a sensing planar electrode (orange) integrated on an electrode (yellow). Adapted 
from (31). 
 
In general, when a cell is placed on a biosensor, the cell membrane can be 
distinguished in two different domains. The membrane domain attached to the active 
part of the biosensor (for example on the MEA electrode) is called the junctional 
membrane. In contrast, the membrane domain that is not in contact with the device, 
instead contacting the surrounding media (18), is defined as non-junctional or free 
membrane as shown in Fig. 2.13. In reality, the cell does not fully attach to the 
electrode. Instead, a cleft is formed at the interface with this interstitial area filled with 
cell media rich in ions and is characterized by a seal resistance Rseal from the 
attachment point on to the electrode to the outside. From an electrical point of view, 
the junctional membrane is characterized by a resistance Rj and a capacitance Cj, as the 
free membrane has resistance Rnj and capacitance Cnj. The surface area of the 
junctional membrane on the sensing electrode strongly affects the impedance of the 
seal. In some cases, it can result in a very high resistance Rj and very low Cj. In such a 
case, the current across the whole membrane only partially flows over the junctional 
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membrane resulting in a signal on the sensing electrode. The electrode has its own 
impedance defined by a resistance Re and a capacitance Ce as shown in Fig. 2.13. A 
current generator has been inserted between the junctional and free membrane 
components because of the charge injection due to an action potential of the cell.  
The voltage drop induced on the seal resistance is proportional to the dispersed charge 
through the MEA electrode (98). This brings to the idea that the value of the seal 
resistance has to be kept as high as possible (8,98). This is possible when the cleft 
between cell membrane and electrode is very small. Typically, the seal resistance has 
values in the range of 1-2 M(31)due to vertical clefts ranging from 40 nm to 100 nm 
(99,100). In conclusion, two important variables, which affect electrically the recording 
of action potentials with MEAs, are the junctional membrane resistance and the seal 
resistance at the interface between cell and the sensing electrode.  
 
2.5.4 Extracellular recordings with 3D MEAs 
In order to improve seal resistance and junctional membrane resistance, an alternative 
approach to the planar electrodes has recently been proposed. 3D nano and 
microelectrodes in different shapes and dimensions promote tight cell adhesion on the 
MEA and result in improved quality of the recorded signal.  
First, 3D electrodes can be classified by shape. The most used designs are mushroom-
like (24,39–43,51,55) and needle/cylindrical-like shapes (35–37,44,101) as shown in 
Fig. 2.14. Electrical recordings and stimulation give a direct proof of the on chip 
electrical interaction of cells with 3D structures (24,31,33,35–37,39,41,42,45,51,102). 
In particular, Hai et al. (41) proved that signals recorded by a 3D gold spine in the 
micrometer range, are comparable in amplitude to intracellular signals recorded by a 
patch clamp electrode (millivolt regime). 
 
Figure 2.14 Examples of 3D MEA electrode types: a) needle-like electrode, b) mushroom-like 
3D electrode. Adapted from (31). 
 
A patch clamp electrode intracellularly penetrated an Aplysia neuron: this part of the 
set-up enabled current injection and direct intracellular voltage measurement (purple 
curve represents the injected current pulses while the red schematic and curves in Fig. 
2.15 belong to the patch pipette). A 3D gold spine was placed on the extracellular side 
for voltage measurements (blue schematic and curve in Fig. 2.15). A calibration pulse 
was applied by the patch pipette (Fig. 2.15 b-red curve) and recorded by the 3D gold 
2. Theoretical and Experimental Background 
28 
 
spine (Fig. 2.16 b- blue curve) without any cell. A squared pulse (Fig. 2.15 c) was 
applied (purple curve) to the cell and a hyperpolarization signal was recorded 
intracellularly by the patch pipette (red) and by the 3D gold spine (blue). Increasing the 
current injection (Figs. 2.15 d-f), the cell was depolarized and the signal was again 
measured intracellularly by patch clamp (red curve) and extracellularly by the 3D spine 
(blue curve). The shape and the amplitude of the extracellularly recorded traces are 
very similar to the red ones, this brought the idea of a signal recorded which can be 
classified in between the intracellular and extracellular. This method introduced the 
new concept of ‘in-cell’ recording in the electrophysiology literature. Such 3D gold 
spines could greatly improve the electrical interface between Aplysia neurons and MEA 
electrodes. 
 
 
 
 
Figure 2.15 ‘In-cell’ recording via 3D mushroom-shaped microelectrodes: a) schematic of the 
experimental set up with a cell perforated by a patch clamp pipette (red) and engulfing a 3D 
mushroom-shaped extracellular electrode (blue), b) square calibration pulses applied to the 
bath recorded by the intracellular electrode (red) and by the 3D microelectrode (blue), c) 
hyperpolarization pulses (purple) applied to the cell and recorded by patch clamp (red) and 3D 
microelectrode (blue), d)-f) depolarization pulses (purple) and cell recording by patch clamp 
(red) and 3D microelectrode (blue). Adapted from (41). 
 
2. Theoretical and Experimental Background 
29 
 
2.5.5 Cell-3D electrode electrical interface 
It is possible to represent the junction between an electrogenic cell and a 3D 
microelectrode as an analog electrical equivalent circuit. Fig. 2.16 a, shows the actual 
equivalent circuit considering a neuronal cell on a 3D microelectrode of a MEA (24). As 
mentioned in section 2.6.3, the neuronal membrane has a junctional domain facing the 
microelectrode, defined by a resistance Rj and a capacitance Cj. The domain of the cell 
membrane which is facing the bath, the non-junctional membrane, is characterized by 
a resistance and a capacitance Rnj and Cnj, respectively. The metal microelectrode has 
and impedance which can be represented by a resistor (Re) and a capacitor (Ce). The 
effective cleft which forms between the neuron and the 3D microelectrode is 
characterized by the seal resistance Rseal. Hai et al., performed simulations to obtain 
the coupling coefficient as a function of the seal resistance at different values of the 
junctional membrane resistance (from 10 M to 100 G) (24).  
 
Figure 2.16: Electrical model of a cell on a 3D mushroom-shaped microelectrode: a) 
equivalent electrical circuit of the cell/3D electrode interface, b) coupling coefficient plotted as 
a function of the seal resistance for high frequencies, c) coupling coefficient plotted as a 
function of the seal resistance for low frequencies, d) maximum membrane depolarization 
plotted as a function of the stimulation voltage via 3D mushroom-shaped microelectrodes for 
high frequencies (dot points) and low frequencies (square points). Adapted from (24). 
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The coupling coefficients were calculated for action potentials in a frequency range 
from 100 Hz up to 1 KHz, and for long DC pulses. Assuming a seal resistance of about 
100 Mthe junctional membrane conductance has been calculated based on the 
coupling coefficient range from 0.05 up to 0.5. As a result, the junctional membrane 
conductance was in a range from 10 M up to 100 M(Figs. 2.16 b-c). Moreover, the 
maximum membrane depolarization was calculated as a function of the stimulation 
voltage (Fig. 2.16 d) for high frequencies (dot points) and low frequencies (square 
points). 
 
2.5.6 Engulfment-like mechanism in response to 3D 
electrodes 
Conceptually, the mushroom shape represents a good candidate for a biomimetical 
interface, considering that in mature neuronal culture the dendritic spines are 
responsible for biomechanical stability and signal propagation between cells, as 
discussed in section 2.3. Dendritic spines also have such a mushroom-like shape and 
their size is in the submicrometer range (103). It is hypothesized that neuronal cells can 
then recognize the electrode as a physiological structure and build a connection to it. 
In reality, cells grow around the 3D mushroom-like micro and nanostructures and 
promote a so called ‘engulfment-like’ event. Typically, a cell is promoting an 
engulfment or phagocytosis event in order to internalize a nanoparticle. 
 
 
Figure 2.17 Phagocytosis of a particle: 1-2 interaction of receptors with particle surface 
ligands, 3-cell membrane deformation around the particle, 4- vesicle formation, 5- vesicle 
release on the intracellular side of the membrane. Adapted from (54). 
 
For example, the extracellular domains of integrins embedded in the cell membrane 
interact with the surface ligands of the target particle (Fig. 2.17, 1-2); the integrins 
activate an intracellular cascade response, which cause an assembly of proteins that 
will contribute to the particle internalization. Then, the cell membrane extends and 
goes completely around the particle and the actin filaments are responsible for actively 
pushing the membrane during this process (Fig. 2.17, 3-4). In this way, a vesicle is 
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formed and is pinched off from the whole membrane toward the intracellular side of 
the cell. In the end, the vesicle is released in the cytosol and the particle is free to 
interact with the intracellular environment (Fig. 2.17, 5). 
Even if in the case of 3D MEAs, the 3D electrode is not as free to move as the particle, 
the engulfment-like event is very similar to phagocytosis. The surface recognition is 
integrin-regulated, the cell membrane deforms around the 3D micro and 
nanostructure but, at the end, a vesicle is not released. The actin filaments form a ring 
around the 3D structure to mechanically stabilize the junctional membrane. This 
mechanism brings the 3D electrode very close to the junctional membrane without a 
real penetration as schematically shown in Fig. 2.18 in case of a 3D gold 
microstructure.  
 
Figure 2.18 Engulfment-like event of a 3D gold microstructure. Adapted from (54). 
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2.6 Cell-electrode interface investigation by 
fluorescence and electron microscopy 
 
In order to study the mechanism of the engulfment-like event of electrogenic cells as 
response to 3D nano and microstructures, microscopical studies of the interface are 
required. Fluorescence microscopy and electron microscopy have been largely involved 
for visualizing the actual cell-3D electrode contact area 
(32,37,38,43,46,47,51,52,54,104,105). An example is shown in Fig. 2.19 a where 
Neuro-2a cells were cultured on peptide-functionalized gold needle array.  
 
 
Figure 2.19 Investigation of the cell/3D electrode interface: a) fluorescent micrograph of 
peptide functionalized 3D Au needles labeled in red (i), fluorescent micrograph of green-
labeled actin filaments of cultured Neuro-2a cells (ii), SEM image of the cell-3D needle cross 
section etched by FIB (iii-iv). Adapted from (46). b) TEM image of a cortical neuron on vertical 
nanopillars. Adapted from (38). 
 
The peptide on the gold needle surface has been labeled in red (Fig. 2.19 a-i), the cell 
actin filaments are labeled in green (Fig. 2.19 a-ii), transversal cross sections of the cell 
on the electrode have been created by FIB. In this work of Van Meerbergen et al. (46), 
the surface of the 3D structures was activated by amino-acid sequences targeting 
specific types of integrins responsible for endocytic processes (106). In particular, 
electron microscopy allows visualization of non-conductive structures, i.e. cells, 
interacting with conductive materials, i.e. metal 3D nano or microelectrodes, with a 
very high contrast and resolution. In addition, fluorescence microscopy enables to 
analyze the surface coating on the 3D structures and the cell structures.  
From a morphological point of view, techniques like SEM or TEM are suitable tools to 
investigate the actual interface on the nanoscale level, together with milling tools as 
FIB or microtomes. An example of microtome milling combined with transmission 
electron microscopy (TEM) is shown in Fig. 2.19 b. Neuronal cells cultured on vertical 
3D nanopillars have been fixed, embedded in resin, and finally sectioned by 
microtrome. Resin fixation preserves the physiological volume of the cell and allows 
visualization of the intracellular structures with almost no structural artifacts. In 
contrast, sample sectioning for TEM is a very time-consuming procedure therefore 
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sequential sectioning is not always possible. Moreover, microtomes or other TEM 
sectioning tools have a diamond cutter which mechanically creates the cross section. 
Nevertheless, SEM samples are often prepared by dehydration and drying (i.e. critical 
point drying), which can introduce structural artifacts (107–109). In general, for SEM, 
cells cultures on the engineered substrates are chemically fixed by aldehyde 
compounds such as glutaraldehyde (CH2(CH2CHO)2), which crosslinks the cell proteins. 
In this way, biological samples can be observed in a vacuum environment of electron 
microscopes. The crucial point is the drying of the sample since electron microscopy is 
able to image sample without water molecules. Resin embedding or critical point 
drying are common techniques for the drying process. These can cause proteins 
collapse and damage of cellular structures. So, the total preservation of the cell 
structures can be armed by these preparation protocols. Moreover, massive artifacts 
can be also introduced during the cross section of the fixed and dried cells on the 3D 
structures: one of the most known artifacts introduced by the ion beam during milling 
is the so called ‘curtaining’ effect. This will be further discussed in chapter 3 and 
chapter 4 of this thesis. 
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3. Materials and Methods 
In this chapter, the basic methods and techniques adopted for this thesis will be 
discussed. In the beginning, the basic fabrication process of 3D nanostructures and 
planar MEAs will be shown. The methods for preparing the two cell systems of interest 
will be shown. In the end, scanning electron microscopy and focused ion beam will 
then be presented as fundamental techniques for investigating the interface between 
cultured cells and engineered substrates. 
 
3.1 3D micro and nanostructures fabrication 
The basic fabrication process of 3D nanostructures is schematically shown in Fig. 3.1 as 
reported in the work of Panaitov et al. (47).  
 
 
Figure 3.1 Fabrication process of 3D micro and nanostructures: a) planar gold deposition, b) 
spin coating of PMMA (purple layer), c) e-beam exposure, d) gold electrodeposition, e) over-
electrodeposition for cap fabrication, f) resist removal by solvent dipping. 
Briefly, a layer of planar gold (40 nm thickness on the top of 10 nm Ti used as adhesion 
layer) was evaporated on a Si/SiO2 wafer (Fig. 3.1 a). Then, a layer of 
polymethylmethacrylate (PMMA), which is an electron beam resist, was spin-coated at 
3000 rpm for 60 s (Fig. 3.1 b). Different resist types resulted in different nominal 
thicknesses at fixed spin coating velocity, as summarized in table T3.1. 
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Table T3.1 E-beam resists thicknesses. 
The apertures in the resist were prepared by means of electron beam lithography (Fig. 
3.1 c) with a LEICA EBPG5000+B024 with 50 kV e-beam and doses ranging from 600 to 
800 C/cm2 and developed for 200 s. A post-development baking step at 180° C was 
carried out in order to round the edges of the resist. The apertures diameters were in a 
range from 0.3 m up to 0.8m. Subsequently, the samples were placed in an 
electrodeposition set-up (Fig. 3.2). The set-up consists of an aluminum anode and a 
sample holder, which is connected to the cathodic electrode. The anode and the 
samples are placed in the potassium cyanide bath. The voltage and the current are 
measured by a voltmeter (U) and an amperemeter (A), respectively. The potassium 
gold cyanide bath was heated up to a temperature between 35-40°C while a voltage of 
3.5 V and a current of 20 mA were applied between cathode and anode. 
 
Figure 3.2 Electrodeposition set-up. Adapted from (110). 
Depending on the actual temperature and the deposition time, different amounts of 
gold can be deposited on the sample through the apertures (Fig. 3.1 d), so the 
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parameters were changing according to the resist layer thickness as summarized in the 
table T3.2. 
 
Table 3.2 Electrodeposition parameters and expected 3D micro-nanostructure shape. 
 
These parameters also affected the over-galvanization step (Fig. 3.1 e). Structures with 
two basic shapes have been created: a cylinder with or without a cap (Table T3.2). The 
thicknesses of the resist determined the actual stalk height of the 3D nanostructures 
and the e-beam exposed apertures defined the stalk diameters. Fig. 3.3 shows an 
example of 3D structures with 1 m height and stalk diameter of a,d) 0.3 m, b,e) 0.5 
m and c,f) 0.8 m with and without cap after resist removal in acetone for 5 minutes 
(Fig. 3.1 f). The samples were characterized by SEM with a voltage of 3kV and a tilt 
angle of 52°. 
 
Figure 3.3 SEM micrograph of gold 1 m high 3D structures with and without cap:  a),d) stalk 
diameter of 0.3 m, b),e) stalk diameter of 0.5 m, c),f) stalk diameter of 0.8 m. Scale bar 0.8 
m, tilt of 52°. Adapted from (111).  
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3.2 Multi Electrode Arrays (MEAs) 
MEAs were fabricated on a 4-inch silicon wafer, which was oxidized in order to have 
about 1 m SiO2 on the surface. The electrode, feed lines, and bond pads were 
patterned via photolithography (resist LOR3B/nLOF2020) and a stack of Ti/Au/Cr (10 
nm/150 nm/ 5 nm, respectively) was evaporated by electron beam evaporation. After 
a lift off process, the whole device is insulated with a dielectric material (plasma-
enhanced chemical vapor deposited silicon oxide (O) and silicon nitride (N), in a stack 
of ONONO) with an overall thickness of about 800 nm. The electrode and the bond pad 
apertures are etched by reactive ion etching (RIE). A schematic cross section of the 
planar device (electrode area) is shown in Fig. 3.4. 
 
Figure 3.4 Schematic of material layer for a MEA electrode. 
The layout of the MEA was adapted from the work of Schnitker et al. (112), while the 
overall chip area was increased to 24 x 24 mm2 to simplify from a flip-chip 
encapsulation to a top contact configuration as shown in Fig. 3.5.  
 
 
Figure 3.5 Top contact MEA configuration. 
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3.3 Electrochemical impedance spectroscopy 
(EIS) 
For evaluating the electrode impedance of the fabricated MEAs, electrochemical 
impedance spectroscopy (EIS) has been used. EIS is an excellent method for the 
characterization of detailed electrode properties. Typically, a small AC voltage U(t) is 
applied to the measurement system, while the current I(t) is recorded. The impedance 
value is defined as: 
                                            𝑍 =  
 𝑈(𝑡)
𝐼(𝑡)
=  
𝑈𝑚 sin(𝜔𝑡)
𝐼𝑚 sin(𝜔𝑡+𝜃)
                                (eq. 3.1) 
where Um and Im are the amplitude of the sinusoidal signals and 𝜃 the phase shift. In 
general, the impedance Z is defined as: 
                                                𝑍 =  𝑍′ + 𝑖𝑍′′ = |𝑍| 𝑒𝑖𝜃                           (eq. 3.2) 
Z’ and Z’’ are the real part and the imaginary part of the impedance Z, respectively. The 
impedance data can be graphically represented, for example, using a Nyquist diagram 
or a Bode diagram. In the Nyquist diagram, the real and the imaginary part are plotted 
on the x-axis and the y-axis, respectively (Fig. 3.6 a). In the Bode diagram,  𝑙𝑜𝑔(|𝑍|) 
and 𝜃 are plotted as a function of 𝑙𝑜𝑔(𝜔) (Fig. 3.6 b). The Nyquist plot gives an idea 
about the overall behavior of the electrical system considering the real and imaginary 
part of the impedance, while the Bode plot allows extracting directly values as the 
capacitance of the measured element. 
 
Figure 3.6 Impedance representation: a) Nyquist plot, b) Bode plot. Adapted from (113). 
 
The measured data can be evaluated considering an equivalent electrical circuit that 
describes the measurement system. It is necessary to consider impedances either in 
series or parallel configuration, which represent the metal resistance, the solution 
resistance, the geometric capacitance, the double-layer capacitance, the charge 
transfer resistance and the mass transfer resistance.  
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For this thesis, a simplified Randles cell was considered as system model (114). In this 
model, the electrolyte resistance Rs is in series with the parallel combination of the 
double-layer capacitance Cdl and an impedance of a faradic reaction (Fig. 3.7). This 
equivalent circuit models the interfacial electrochemical reactions in presence of semi-
infinite linear diffusion of electroactive particles to flat electrodes.  
 
Fig. 3.7 Randles electrical equivalent circuit. Adapted from (115). 
 
The resistance Rct represents the active charge transfer resistance. W is the Warburg 
diffusion element, which can be described as a constant phase element (CPE) with a 
constant phase of 45° (frequency independent) and a magnitude defined as: 
                                                           |𝑍𝑤| =  √2
𝐴𝑤
√𝜔
                                           (eq. 3.3) 
 
where Aw  is the Warburg coefficient (116) and  is the angular frequency. For the 
impedance measurements performed on 3D nanoelectrodes, the data were fitted with 
an R-RC electrical model. 
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3.4 Sample preparation for cell culture 
Before culturing cells, samples were washed for at least an hour in ultra-pure water in 
order to remove residues and particles from the surface. The samples were then dried 
with a stream of nitrogen and treated for cell culture. In general, samples have to be 
disinfected otherwise bacteria or yeast can contaminate the cell culture. There are two 
possibilities for this process: exposure of the surface to UV-light or immersion in 70% 
ethanol (water solution) and drying with a stream of nitrogen, both carried out in a 
laminar-flow sterile hood for cell culture. Depending on the biomolecule, the 
sterilization step was performed before or after the coating step. In case of protein 
coating, the samples were sterilized before the actual coating step because the 
interaction of UV-light or ethanol with protein could denature or damage the protein 
layer. In the case of thiol coating, the samples were sterilized with ethanol after the 
thiol SAM was created at the surface. In parallel to engineered substrates, control 
samples were prepared for every cell culture cycle in order to monitor the overall and 
general status of the cells. In this case, glass coverslips with 15 mm or 33 mm diameter 
were treated with a flame for sterilization and surface hydrophilization. 
 
3.4.1 Protein coating 
For neuronal cultures, the preparation of the protein coating was carried out in similar 
ways for PDL and PLL. From a stock solution of 10 g/ml, a coating solution was 
prepared in a 1:100 v/v dilution in buffer (Grey’s or Hank’s balanced salt solution).The 
protein was placed on the substrates overnight at 4°C and then, the substrates were 
washed with ultra-pure water. For HL-1 cultures, fibronectin is typically used as protein 
coating. The fibronectin was diluted to 0.01 mg/ml in 0.02% Bacto TM gelatin prepared 
in bidest. 
 
3.4.2 Thiol coating 
For the self assembled monolayer preparation, two types of thiols were used: amino-
PEG- thiol and amino-11-undecanthiol (1 mM final concentration) in 100% ethanol. The 
incubation time was 24 hours at room temperature. Then, the samples were washed 
three times with 100% ethanol. Finally, the samples were dried with a stream of 
nitrogen. Thiol SAMs are mainly used to selectively activate gold surfaces, since a 
sulfhydryl group (R-SH) can covalently bind gold atoms. 
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3.5 Cell culture 
As mentioned in Chapter 2, the nature of primary cells and cell lines is fundamentally 
different. Every cell type has to be treated in a specific way in terms of preparation of 
the cells and culturing media. 
 
3.5.1 HL-1 culture 
Confluent HL-1 cells in a T-25 flask made of tissue culture plastic, were treated with 1 
ml warm trypsin EDTA (concentration 0.025%), which was then aspirated completely. 
The cells were then digested with 1 ml Trypsin EDTA for an incubation time of 5 
minutes at 37°C. After this incubation, 5 ml of warm media were added to the cell-
trypsin mixture. Cells were dissociated mechanically by spinning the tube with the cell 
suspension for 5 minutes at 1700 rpm in a centrifuge. Cells pellet formed at the bottom 
of the tube, the supernatant liquid was removed and the cell pellet was carefully 
resuspended by adding 1 ml of warm media pipetting up and down. 2% of cells at 
confluency were placed on the substrate in a final volume of typically 1.5 ml-3 ml for 
engineered substrates, or 100 l for MEA chips. After cell adhesion, MEAs were 
cultured in a volume of 1 ml. The media was replaced completely every day with warm 
fresh media. The media for HL-1 cell culture consists of Claycomb’s media 
supplemented with 10% Fetal Bovine Serum (FBS), penicillin/streptomycin, 
Norepinepherine, glutamine (68). The cultured cells proliferate until they form a 
confluent monolayer, then they start to beat: a mechanical contraction is visible that 
corresponds to action potentials propagating across the cell sheet. 
 
3.5.2 Neuronal culture 
Neuronal cells were prepared by removing cortices from E18 Wistar rats in Hibernate® 
solution. The cells were digested with 0.025% Trypsin EDTA for 5 minutes at 37°C. The 
solution with tissue and trypsin was placed in a 2 ml Eppendorf® tube. The tissue was 
allowed to settle to the bottom of the tube and the Trypsin has been removed. One ml 
of supplemented Neurobasal® media (supplemented with 1% B27, glutamine and 
gentamycine,freshly prepared every time) at room temperature was added. The 
supernatant was replaced with 1 ml of fresh supplemented Neurobasal® media, and 
the tissue was triturated until it was completely dissociated. A sample of cells (10 l) 
was extracted, diluted in 20l of supplemented Neurobasal® media and 10 l of 
trypan blue, used as a marker for dead cells (117). This solution was placed in a 
cytometer (Neubauer chamber) (118) for counting live and dead cells. After counting, 
the remaining cells were re-suspended in the final volume for culture, which was then 
plated on the substrate. The media was replaced completely 2 hours after the seeding 
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time; every second day half of the media was replaced with fresh warm media. 
Typically, control cultures have been prepared on glass coverslips with protein coating, 
and the cells were observed one hour after plating (Fig. 3.8 a) and after several days in 
vitro (Fig. 3.9 b). 
 
Fig. 3.8 Primary cortical neurons in vitro: a) 50*103 cells/ml after one hour in vitro, b) 20*103 
cells/ml after 4 days in vitro. Scale bars: 200 m. 
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3.6 Cell Staining 
For this thesis, different methods have been performed for fluorescently staining the 
cells. Depending on the experiments, different cell proteins and compartments were 
fluorescently labeled by immunohistochemistry. In addition, live and dead cells were 
stained by calcein AM and ethidium homodimer-1. 
 
3.6.1 Live-dead staining 
First, cells were washed two times with warm PBS and then stained with the 
acetomethoxy derivate of calcein (calcein AM) and ethidium homodimer-1. For both 
dyes a final 1:1000 dilution in PBS was used. Calcein AM is a fluorescent dye which has 
an excitation wavelength of 495 nm and an emission wavelength of 515 nm. The 
molecule enters the cell by diffusion through the cell membrane. Once there, 
intracellular esterases, which are present mainly in living cells, convert the calcein to a 
fluorescent state. Therefore, calcein is a good candidate to stain living cells over dead 
cells. The ethidium homodimer-1 is a membrane impermeable fluorescent molecule 
(excitation wavelength is 528 nm, emission wavelength is 617), which binds to DNA. 
Dead cells usually have a damaged extracellular membrane; therefore ethidium 
homodimer-1 can penetrate only those cells and stain the intracellular DNA. The cells 
were placed in the staining solution for 15 minutes at 37°C then washed with PBS. The 
fluorescence images were acquired (Fig. 3.9) within half an hour because of the toxicity 
of the staining dyes. 
 
Fig. 3.9 Example of live-dead stain of cortical neurons: calcein AM stained live cells (green) 
and ethidium homodimer-1 dead cells (orange). Cells on a metal patterned substrate were 
stained dafter 7 DIV. Scale bar 250 m. 
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3.6.2 Membrane and nuclei staining 
First, cells were washed two times with warm PBS, and then chemically fixed with 4% 
paraformaldehyde in PBS for 30 minutes at room temperature. The cells were then 
washed three times with PBS at room temperature. Fluorescence labeling was 
performed by staining the cell membrane with wheat germ agglutinin (WGA), which 
binds to N-acetylglucosamine and N-acetylneuraminic acid residues (sialic acid) present 
in glycoproteins within the cell membrane (119). The WGA is conjugated with Alexa 
Fluor® 488, which has an excitation wavelength of 495 nm and an emission wavelength 
of 519 nm (green fluorophore in Fig. 3.11). The final concentration was 1:1000 v/v 
dilution in PBS from a stock solution of 5 g/ml. Moreover, cell nuclei were stained 
with 4',6-diamidino-2-phenylindole (DAPI), which binds the adenine-thymine complex 
of the cell DNA. DAPI has an excitation wavelength of 305 nm and emission wavelength 
of 470 nm (blue fluorofore in Fig. 3.10). The final concentration was 1:500 v/v dilution 
in PBS. Cells were placed in the staining solution for 15 minutes at room temperature 
and then washed 3 times with PBS. 
 
Fig. 3.10 Example of cell membrane and nuclei stain: HL-1 cell membrane stained in green and 
nuclei stained in blue. Scale bar 10 m. 
3.6.3 Actin staining 
Cells were washed two times with warm PBS and then, chemically fixed with 4% 
paraformaldehyde in PBS for 30 minutes at room temperature. After washing the cells 
with PBS again, the cell membrane was permeabilized with 0.2% Triton X100 in 
blocking solution (BS) for 10 minutes at room temperature. After washing a fourth time 
with PBS, BS solution was added for one hour at room temperature. Phalloidin 
AlexaFluor® 488 (excitation/emission wavelength 495/518) and 568 
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(excitation/emission wavelength 578/600) was diluted in methanol (200 units/ml 
resulting in a final concentration of 6.6 M). Phalloidin is a toxin, which selectively 
binds F-actin filaments in the cell. Each substrate was labeled with 5 l of stock 
solution diluted in 100 l BS.  The cells were stained for 45 minutes at room 
temperature and then washed 3 times with PBS. An example of phalloidin Alexa Fluor® 
568 with DAPI labeling is showed in Fig. 3.11. 
 
Fig. 3.11 Example of cell actin stain: F-actin of HL-1 cells was fluorescently labeled with 
phalloidin Alexa Fluor® 568 (orange) and nuclei (blue) were stained as described in section 
3.6.2. Scale bar 10 m.  
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3.7 Scanning electron microscopy (SEM) and 
focused ion beam (FIB) for biological 
samples 
For investigating the cell morphology and the actual interface between cells and 
different engineered substrates, in addition to fluorescence microscopy, electron 
microscopy was used to study cross sections of the cell-electrode interface. In order to 
observe the cross section, FIB was adopted as a fundamental tool to deposit metal 
material and to create a transversal cross section of the contact area between cells and 
3D nanoelectrodes. In this section, cell preparation and the drying procedure will be 
described. Finally, the principles of SEM and FIB will be discussed. 
3.7.1 Cell fixation and dehydration 
Cells were washed two times with warm PBS and then chemically fixed with 3.2% 
glutaraldehyde in PBS from for 15 minutes at room temperature. Then, cells were 
washed with PBS and dehydrated via an ultrapure ethanol series starting from a 10% 
up to 100% solution in ultrapure water. Every step was performed for 5 minutes. At the 
concentration of 95%, the solution was exchanged 3 times for five minutes each. The 
cells were finally kept at 100% ultrapure ethanol until critical point drying was 
performed. 
3.7.2 Critical point drying (CPD) 
The samples with the fixed cells were placed in a chamber immersed in 100% ultrapure 
ethanol.  
 
Fig. 3.12 CO2 phase diagram. Adapted from (120).  
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The chamber was cooled down to the temperature of 10°C and the temperature was 
always kept between 50 and 100 bar. At this temperature, the ethanol was replaced 
with liquid CO2. The temperature of the chamber was slowly increased from 10°C to 40 
°C considering that the critical point temperature for CO2 is around 31°C as shown in 
the phase diagram of Fig. 3.12. At 40°C, the chamber was evacuated from the gas CO2 
so the cells were finally dried. 
3.7.3 SEM and FIB 
A SEM is characterized by a focused beam of electrons (generally focused by one or 
two condenser lenses) that interacts with the target substrate. The interaction of the 
beam with the substrate produces secondary electrons (SE), which can be detected to 
form the final image of the substrate. The secondary electrons are generated by the 
atoms of the target substrate that are excited by the electron beam. The final image 
gives information about the nature and the topography of the different materials 
present on the target substrate. The electron beam impacts the substrate with a 
certain angle, which depends on the electron source mounted in the SEM machine. 
When the beam impacts the target surface, backscattered electrons (BE) can be 
detected by an ‘in lens’ detector: the image from the BE detector has less resolution 
than the SE image but gives information about the density of the substrate materials. 
For this work, typical beam acceleration voltage ranged from 3 kV up to 10 kV. Such 
low voltages are applied in particular when the target surface is formed by a biological 
specimen. For the experimental part of this work, a dual beam machine was used: an 
ion column is present at a 52° angle to the electron beam. In this machine, the target 
sample could be analyzed only in vacuum, therefore the dehydration and the drying 
were carried out as described in sections 3.7.1 and 3.7.2. The ion beam consists of 
gallium ions, which impact the target surface (Fig. 3.13).  
 
Fig. 3.13 Schematic of a focused ion beam (121). 
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From this interaction, neutral charges n0, ions (i+ or i-) and secondary electrons (e-) are 
generated (121). Generally, an image can be acquired by detecting i+ and e- (Fig. 3.14). 
The typical ion acceleration voltage adopted in this work was 30 kV, with currents 
ranging from 80 pA up to 0.40 nA. In addition, the FIB can also be used for depositing 
different materials on a target surface: this process is called ion beam induced 
deposition (IBID). Briefly, a gas is introduced into the chamber and it is chemically 
adsorbed on the target surface. The ion beam interacts with the surface allowing the 
nonvolatile component of the gas to deposit on the target surface (122) as 
schematically shown in Fig. 3.14 a. In this thesis, during FIB experiments Pt- rich 
amorphous carbon gas has been introduced in the chamber to deposit a platinum layer 
on the target area. A similar process occurs when the FIB is used to etch through a 
target surface (Fig. 3.14 b). 
 
Fig. 3.14 Ion Beam Induced Deposition and Etching: a) IBID where by ion beam interaction 
with the surface allowing the nonvolatile component of the gas to deposit on the target 
surface, b) surface etching by ion beam where substrate atoms are sputtered away after the 
gas interaction. Adapted from (121).  
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4. Results and Discussion 
In this chapter, the results of the experimental work will be presented and discussed. 
First, MEAs with 3D electrodes will be characterized by impedance spectroscopy and 
then, employed for recording spontaneous and chemically induced electrical signals 
from electrogenic cells. 3D nanostructures were fabricated in various designs and 
dimensions for different on chip applications. The actual interface between a biological 
model system (cardiomyocyte-like HL-1 cells) and 3D nanostructures will be 
investigated using FIB and SEM. In order to avoid artifacts, an operational protocol was 
developed, in particular to reduce curtaining artifacts. The biomechanical mechanism 
driving cells to approach and promote an engulfment-like event of the 3D 
nanostructures will be investigated. The experimental investigation of the interface will 
give the basic concepts to understand the interaction and coupling of cells to actual 3D 
biosensors such as structured MEAs. The second part of the chapter will be focused on-
chip applications of 3D structures, such as cell guidance and recording voltage signals 
from electrogenic cells. The fabricated 3D nanostructures, when placed in a grid 
configuration, are capable of creating a well-defined network of electrogenic cells. This 
allows the study of how voltage signals are propagating within the define network of 
cells.  
 
4.1 3D nano and microstructures fabrication 
 
According to the fabrication method described in section 3.1, different 3D 
nanostructure designs have been developed: 
- 3D nanostructures for interface investigation: matrix of 3D nanostructures with fixed 
pitch and varying stalk aspect ratio and shape; 
- 3D nanostructures for cell guidance: grids of 3D nanostructures with different 
pitches and fixed mushroom shape; 
- 3D nanostructures for cell recording: structures fabricated on planar MEAs with 
different electrode foot-prints; 
- 3D nanostructures for simultaneous guidance and recording: structures arranged in 
a grid configuration and on the electrodes of MEAs. 
 
4.1.1 Fabrication of 3D nanostructures arrays 
In order to study the coupling and interaction of electrogenic cells with 3D 
nanostructures, arrays of pillars on planar gold have been fabricated. In this case, the 
array of 3D nanostructures was designed in a way that a single cell could adhere only 
on one pillar. Thus, the space between adjacent 3D pillars was fixed considering the 
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average diameter of the cell type studied. For investigating the response of cells to 
such 3D pillars, HL-1 cells (cardiomyocyte-like cells) have been tested as a model 
system. 
 
Figure 4.1: Array of 3D micro-nanostructures: scheme of 12x12 mm2 samples for array 
fabrication. Scale bar 25 m. 
The typical diameter of an HL-1 cell is about 20 m. Therefore, the space between 
adjacent 3D nanostructures was 25 m within the array. On a sample of SiO2 with a 40 
nm thick layer of evaporated gold over an area of 12x12 mm2, 12 different arrays have 
been created, as shown in Fig. 4.1. The diameters of the e-beam resist apertures were 
0.3 m, 0.5 m and 0.8m (Fig. 4.1 a columns) and the beam dose was changed from 
600 up to 800 C/cm2 (Fig. 4.1 b rows). Cylinders with and without caps have been 
fabricated as described in section 3.1. 
 
4.1.2 Fabrication of 3D nanostructures for cell 
patterning 
In addition to arrays of 3D nanostructures, grid structures for cell patterning have been 
fabricated (51). In this case, a 40 nm thick layer of evaporated gold on a Si/SiO2 
substrate, was patterned via photolithography and lift-off. The pattern consists of 9 
grids with 64 nodes connected by lines with 200 m length and 25 m width (Fig. 4.2 
a). On each grid, after an e-beam lithography step, 3D nanostructures were 
electroplated with different pitches, from 2 m up to 10m, adopting in this case a 
cylindrical shape with cap as described in section 3.1 (an example is shown in Fig. 4.2 
b). The peculiar ‘mushroom-like’ shape was particularly difficult to fabricate when the 
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3D nanostructures had a pitch of about 2-3 m because the caps could overlap 
resulting in a solid line of electroplated gold. 
 
Figure 4.2 Example of a grid of 3D micro-nanostructures for cell patterning: a) SEM 
micrograph of the 64 nodes of one grid configuration, b) zoom-in of one node shows the 
arrangement of single pillars. Scale bars: a) 200 m, b) 20 m. Adapted from (51). 
 
4.1.3 Fabrication of 3D micro-nanostructures on 
MEAs 
As electrical devices for sensing voltage signals from electrogenic cells, 64-electrode 
MEAs have been fabricated as described in the section 3.2 (layout shown in Fig. 4.3 a). 
In addition, a layer of aluminum (10 nm) has been evaporated and patterned (by 
photolithograpy and lift off) to create a frame, short circuiting all the MEA bond pads 
(Fig. 4.3 b). 
 
Figure 4.3 MEA design: a) mask designed in CleWin for 64 electrodes MEA (inset: central 
electrode area), b) aluminum frame (grey) for short circuiting the MEA bond pads. 
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Finally, a layer of PMMA AR-P 669.07 has been spin coated at 3000 rpm for 60 s. By 
means of e-beam lithography, apertures have been exposed over the MEA electrodes. 
In addition, the area corresponding to the aluminum frame has been exposed in order 
to remove the resist after the development. After the e-beam exposure, development 
and baking steps (as described in section 3.1), the aluminum frame has been 
connected to the sample holder (electrodeposition set-up shown in section 3.1) in 
order to deposit gold by galvanization in the apertures on all 64 electrodes in one step. 
In this case, the shape of 3D nanostructures was cylindrical with cap and the pitch 
between two adjacent cylinders was about 3-4 m. The cylindrical stalk diameter was 
500 nm and the stalk height was about 1 m. This fabrication process was carried out 
on using MEAs with electrode footprint of 12 m. An example is shown in Fig. 4.4. 
 
 
Figure 4.4 3D nanostructures on MEA: a) SEM micrograph shows an overview of four 
electrodes with 12 m footprint diameter of a MEA, b) zoom-in shows the array of 3D 
structures with a pitch of 3 m on the planar gold electrode. Scale bars: a) 50 m, b) 10 m. 
 
4.1.4 Fabrication of 3D nanostructures for 
simultaneous cell patterning and recording 
The next step was to combine the 3D nanostructures design for cell patterning (grid 
pattern) on MEAs with 3D electrodes. In order to fabricate guiding grids on MEAs, gold 
lines were fabricated on the top of the MEA passivation layer by lift-off process (Fig. 
4.5 a). The gold lines were about 180 m long to avoid short circuiting between the 64 
electrodes that were spaced with a 200 m pitch. These gold lines were then 
connected to the aluminum frame used for the electrodeposition of the 3D 
nanoelectrodes (as described in section 4.1.3). In this way, gold 3D nanostructures 
have been fabricated simultaneously on the gold lines and on the electrodes. In the 
end, the aluminum shorts have been etched with an aluminum wet etchant for 10 
minutes. In this case, 3D gold nanostructures with about 1 m height, 0.5 m in 
diameter, 3 m pitch, on MEAs with electrode area diameters from 3 m up to 50 m 
(Figs. 4.5 b-d).  
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Figure 4.5 3D nanostructures on MEAs for simultaneous guidance and recording: a) SEM 
micrograph of 64 electrode MEAs with guide lines on top of the passivation layer, b) 3D 
nanostructures fabricated on a MEA with 3 m electrode diameter, c) 3D nanostructures 
fabricated on a MEA with 8 m electrode diameter, d) 3D nanostructures fabricated on a MEA 
with 50 m electrode diameter. Scale bars: a) 400 m, b) 15 m, c) 15 m, 20 m. a) and b) 
adapted from (51). 
 
4.1.5 Discussion of section 4.1 
From the results presented in the section 4.1, it was found that electron beam 
lithography allowed fabrication of 3D structures ranging from 150 nm up to 400 nm in 
cylinder stalk radii for a variety of applications. The fabrication process showed in the 
work of Panaitov et al. (47) was extended to the fabrication of cylindrical 3D 
nanostructures with and without caps. Moreover, the new fabrication process allowed 
fabricating 3D nanostructures ranging in height from 300 nm up to 1 m, in contrast to 
the microstructures presented in literature, which have a diameter of 500 nm and 
height of 1 m (47). 3D nanostructures have been successfully fabricated in arrays and 
grid patterns. Finally, the fabrication process was carried out in order to 
simultaneously fabricate grid patterns and 3D nanoelectrodes on MEAs for cell 
guidance and recording.  
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4.2 3D MEAs for cell recording 
The extracellular recordings were carried out from HL-1 cells with 3D MEAs fabricated 
as described in section 4.1.3 and 4.1.4, and prepared for cell culture as described in 
sections 3.4.1 and 3.5.1. For these experiments, the flat electrode area had a diameter 
of 8 m, when an array of seven 3D mushroom-shaped nanoelectrodes was fabricated. 
Before the cell culture, the MEAs electrodes impedance was measured with EIS, 
measurements. After 3 DIV, the chips with cells were connected to a 64 channel 
amplifier system BioMAS, which includes a headstage version and a main amplifier (61) 
(in-house custom built). The headstage sets an amplification of 10, so that the signal is 
further amplified by the main amplifier with an amplification factor up to 100. The 
overall amplification factor on the input signal in this configuration used is 1000. The 
amplification system supports a 64 channel parallel readout, adopting a sampling rate 
of 10 kHz. The user interface is controlled by a custom Labview program, developed by 
Dieter Lomparsky (ICS-8, Forschungszentrum Jülich, Germany). While performing 
extracellular potential measurements, the actual system bandwidth has been limited 
by using a high pass filter and a low pass filter resulting in a passed-band from 1 Hz to 3 
kHz. 
4.2.1 Impedance spectroscopy of 3D nanoelectrodes 
The impedance spectroscopy of the MEA electrodes was performed by using a 
potentiostat (PGSTAT30, Metronohm Autolab B.V.). PBS solution was used as 
electrolyte and an Ag/AgCl wire was used as reference electrode. The sinusoidal input 
signal, which is used for the characterization of a complex electrode impedance (as 
discussed in section 3.3), was set to 10 mV with an investigated frequency range from 
1 Hz to 10 KHz. In general, this system has four electrodes which are a working 
electrode, a sensing electrode, a counter electrode, and a reference electrode. For the 
experiments of this work, the working and the sensing electrode were short circuited 
together as well as for counter and reference electrode. Fig. 4.6 shows the impedance 
measurements data relative to two of the 64 3D MEA electrodes. The 𝑙𝑜𝑔|𝑍| and the 
phase shift 𝜃 are plotted as a function of 𝑙𝑜𝑔(𝑓). The impedance and phase data were 
fit with an R-RC model in order to evaluate the effective capacitance of the MEA 
electrodes. The recording electrodes consists of 7 cylinders with caps which result in a 
total gold surface of about 80-100 m2, with an effective capacitance of 27-34 pF. 
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Figure 4.6 Impedance spectroscopy of 8 m 3D electrodes. 
 
4.2.2 Spontaneous activity of HL-1 cells recorded with 
3D MEAs 
Before the actual measurement, MEAs with confluent HL-1 cells were visualized with a 
light microscope to ensure that the confluent monolayer was beating synchronously 
(the correlation between mechanical contraction and action potentials has been 
discussed in section 2.4). Fig. 4.7 a shows typical action potentials recorded in a time 
frame of 12 seconds. The action potential frequency was 0.3 ± 0.05 Hz, which is in the 
expected physiological range between 0.1 to 2 Hz. The APs frequency was calculated 
considering the time frame between subsequent spikes (points of local maxima in the 
voltage traces of Fig. 4.7 a detected from one channel. While correlating the signals 
recorded from different electrodes, it was possible to define signal propagation within 
the cell monolayer typical for this cell phenotype. The peculiarity of this cell type is that 
within a confluent monolayer there is a cell or a group of neighboring cells that 
contract first, called pacemaker cells, which impose the contraction frequency and the 
propagation direction on the rest of the cells in the monolayer. When an action 
potential occurred on an arbitrarily fixed reference electrode, the cell activity on all the 
other electrodes was correlated to that position in a time frame of about 20 ms. In this 
way, the area of the chip that contracted first was found. An example of the signal 
propagation is shown in Figure 4.7 b, where single action potentials from two different 
channels have been compared. The action potential from channel 18 occurs in time 
before the one detected from channel 22 (about 5 ms later), so the cell located on 
electrode 18 is contracting before the cell on electrode 22. These experiments actually 
proved that electrogenic cells can grow on 3D nanostructured MEAs and they exhibit 
an healthy behavior since they contract when they form a confluent monolayer.  
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Figure 4.7 Action Potentials from a confluent monolayer of HL-1 cells recorded with 3D MEA: 
a) signal recorded in a time frame of 12 s from two MEA channels, b) comparison of single 
action potentials recorded from two MEA channels in a time frame of 50 ms. 
 
4.2.3 Simultaneous guidance and recording with 3D 
MEAs 
(Adapted from Santoro et al., ‘On chip guidance and recording of cardiomyocytes with 
3D mushroom shaped electrodes’, Nano Letters, vol.13, issue 11, pp. 5379-5384, (51)). 
MEAs with 3D cell guiding patterns and 3D nanoelectrodes have been fabricated as 
described in section 4.1.4. After 3 DIV, HL-1 cells formed a confluent monolayer on the 
guide lines of the 3D pattern. 3D nanostructures (cylinders with caps) have been 
fabricated on both electrodes and guidelines with a 4 m pitch. The cells contract on 
the pattern, and the extracellular voltage signals of the cells on the electrodes (which 
here represent the nodes of the guidance grids) have been recorded. Figure 4.8 a 
shows signal traces recorded from 4 different channels of the MEA. The action 
potential frequency is 0.62 ± 0.15 Hz for the traces shown in Fig. 4.8. This shows that 
physiological AP frequency values occur also for patterned HL-1 cells. The signal 
propagation within the network of cells was 0.625 ms/mm. It was calculated 
considering the MEA layout (a 8x8 matrix of electrodes with interspace of 200 m 
between adjacent electrodes) and the time delay between APs from different channels 
in a defined time frame as discussed in the previous paragraph. As for cells in a 
confluent monolayer, patterned cells have also a pacemaker cell or group of cells that 
impose the AP frequency to the rest of the cells. 
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Figure 4.8 Action potentials from grid-patterned HL-1 cells recorded with 3D MEA: a) signal 
traces from four channels of a MEAs in a time frame of 12 s, b) single action potential 
propagation in a time frame of about 1.5 s. Adapted from (51). 
Chemical stimulation of the cells was performed by adding norepinephrine to the cell 
medium volume, to reach a final concentration of 1:1000. This drug increases the 
contraction frequency so the actual action potential frequency. Fig. 4.9 shows the 
signal traces recorded from the same electrodes considered for recording the 
spontaneous activity: the action potential frequency increased to 0.70 ± 0.17 Hz. 
 
Figure 4.9 Action Potentials recorded after norepinephrine stimulation. Adapted from (51). 
 
4.2.4 Discussion of section 4.2 
In the first part of this section, it was shown that 3D MEAs are capable of recording 
spontaneous action potentials from HL-1 cells. The amplitude of the voltage signal was 
relatively low (about 60 V peak-to-peak) compared to typical extracellular recordings 
reported in literature (22,34). There are several factors which affect the quality of the 
recordings: incomplete coverage of the cell on the recording electrode, metal defects, 
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and pin holes in the passivation layer. Therefore, for the devices used in the 
experiments presented in section 4.2.3, impedance spectroscopy measurements of 
electrodes have been performed in order to estimate the performance of the single 
electrodes. Brüggemann et al. (33) showed action potential recordings with 
nanostructured electrodes in the mV range by using 20 m in diameter electrodes with 
dense nanopillars: high density nanopillars increase the effective contact area for HL-1 
cells and so the overall seal resistance. The presented 3D nanostructures present only 
about 6-7% of capacitance of the high density nanopillars (33), which justifies the 
amplitude of the signal recorded in the presented experiments (Table 4.1). In the end, 
voltage signals of about 100 V amplitude (after amplification) have been recorded. 
These signals are better comparable with the ones showed in Xie et al. work (36): they 
measured spontaneous action potentials of about 100 V (peak-to-peak) by using 
arrays of 5 nanopillars with diameter of 150 nm and height of 1.5 m (table 4.1). 
Furthermore, the fabricated 3D MEAs are capable of detecting the effect of drugs 
added to the cell media. The effect of norepinephrine has been shown to increase the 
cell action potential frequency. In conclusion, 3D MEA are capable of recording 
spontaneous action potential from a confluent layer and from grid patterned HL-1. 
Furthermore, norepinephrine chemical stimulation experiments, showed the 
possibility to use these 3D devices as suitable tool for drug screening. Besides the 
capability of the fabricated devices to record APs from HL-1 cells, it is necessary to 
understand how cells are adhering on the 3D nanoelectrodes. Thus, it is necessary to 
investigate which shape and dimension of the 3D electrode it is optimal for electrical 
activity recording. In particular, it is necessary to estimate which geometry of the 3D 
nanoelectrodes improves the seal resistance at the interface of cell and 3D MEA 
nanoelectrode. 
 
Reference Electrode type Specific 
capacitance 
Average signal 
Bruggemann et al. (33) Planar gold - 400 V 
Brüggemann et al. (33) High density nanopillar 470 pF 830 V 
Xie et al. (36) 5 nanopillars - 100 V 
Santoro et al. (51) 7 mushroom-shaped 
nanoelectrodes 
27-34 pF 100 V 
 
Table T4.1 Comparison of recordings performed with planar gold MEAs and with 
nanostructured 3D MEAs. 
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4.3 Cells on single 3D nanostructures: 
interface characterization 
For investigating the actual interface and the coupling between HL-1 and metal 3D 
nanoelectrodes, cardiomyocyte-like HL-1 cells (68) were cultured on arrays of 3D 
nanostructures (fabricated as described in the section 4.1.1). For these experiments, 
the arrays of 3D nanostructures were coated with fibronectin as described in section 
3.4.1. HL-1 cells were cultured as described in section 3.5.1 and prepared for SEM and 
FIB as described in section 3.7. Traditional techniques such as fluorescence microscopy 
have critical resolution limitations, therefore the interface was observed first, by 
creating a transversal cross section of the cell on the 3D structure with FIB and then by 
visualizing the target area by SEM. The advantages of this technique are the very high 
resolution and the possibility to create a cross section and visualize the actual interface 
in a very short time using a double beam (ion and electron) machine.  
 
4.3.1 Characterization of the interface using 
SEM/FIB: overcoming curtaining artifacts 
(Adapted from Santoro et al., ‘ FIB section of cell-electrode interface: an approach for 
reducing curtaining effects’, Microelectronic Engineering, vol.124, pp. 17-21, (123)) 
When sectioning with a FIB, it is necessary to preserve the structures by depositing a 
double layer of platinum on the target area. In order to test Pt-rich amorphous carbon 
electron beam-induced deposition (EBID) and ion beam-induced deposition (IBID), 
different deposition currents have been tested on 3D gold nanostructures without any 
cells.  
 
Figure 4.10 Current tests for Pt-EBID: 0.4 m of Pt in EBID mode on 3D mushroom shaped 
nanostructure with a current of 22 nA, b) 0.8 m of Pt EBID mode on 3D mushroom shaped 
nanostructure with a current of 11 nA. Scale bars: 1 m. Adapted from (123).  
 
4. Results and Discussion 
62 
 
Typically, this double deposition results in inhomogeneities of the deposited layer, 
mostly due to shadowing effects caused by the edges of the 3D structures. As shown in 
Fig. 4.10, two currents for the platinum EBID have been tested over a deposition area 
of about 4x4m2. A beam acceleration voltage of 3 kV was applied. The deposition of a 
0.4 m thick platinum layer (EBID) was performed using a of 22 nA current (Fig. 4.10 a) 
and a 0.8 m thick platinum layer was deposited at a current of 11 nA (Fig. 4.10 b). In 
the case of 11 nA (Fig. 4.10 b), the layer of deposited platinum is more homogeneous 
and well-structured than in the deposition carried out with a current of 22 nA. Next, a 
layer of platinum (thickness of 0.4 m) was deposited by IBID with currents ranging 
from 2.5 nA down to 80 pA at a voltage of 30 kV over an area of 100 m2. Currents in 
the range of 2.5 nA- 0.79 nA completely etch down the 3D gold nanostructures, 
causing a high ion contamination in an area that was more than 400 m2 (Figs. 4.11 a-
b). . 
 
Figure 4.11 Current tests for Pt-IBID: 0.4m of IBID Pt on 3D capped nanostructures with a 
current of a) 2.5 nA, b) 0.79 nA, c) 0.43 nA, d) 0.23 nA, e) 80 pA. Scale bars: 4 m. Adapted 
from (123). 
While using a current of 0.43 nA, 85% of the target area was covered by the platinum 
layer (Fig. 4.11 c). 100% of coverage was reached when the platinum IBID was 
performed with currents in the range of 0.23 nA-80 pA (Figs. 4.11 d-e). During the 
deposition of platinum on the 3D nanostructure, the resultant layer was not 
completely smooth and homogenous, due to the edges of the 3D structure, which 
favor the formation of ‘wrinkles’, via a so called ‘shadowing effect’. The final aim was 
to optimize the platinum deposition parameters to reduce the shadowing artifacts. FIB 
cross sections of 3D structures have been performed when the platinum was deposited 
at currents of 0.43 nA and 80 pA (Fig. 4.12). Currents of about 80 pA caused no damage 
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to the 3D nanostructure underneath forming a homogeneous layer of platinum, in 
contrast to higher currents, which partially etch the structures (Figs. 4.12 c-e).  
 
 
Figure 4.12: Cross section of 3D nanostructures with EBID and IBID Pt: 3D capped 
nanostructures with a) 0.4 m of EBID Pt at 22 nA and 0.4m of IBID Pt at 0.43 nA, b) 0.4 m 
of EBID Pt at 22 nA and 0.4 m of IBID Pt at 0.23 nA, c) 0.4 m of EBID Pt at 22 nA and 0.4 m 
of IBID Pt at 80 pA, d) 0.8 m of EBID Pt at 11 nA and 0.4 m of IBID Pt at 0.43 nA, e) 0.8 m of 
EBID Pt at 11 nA and 0.4 m of IBID Pt at 0.23 nA, f) 0.8 m of EBID Pt at 11 nA and 0.4 m of 
IBID Pt at 80 pA. Scale bars: a) 1 m, b) 2 m, c) 2 m, d) 1 m, e) 0.6 m, f) 1.5 m. Adapted 
from (123). 
Next, fixed and dried HL-1 cells were studied in SEM mode: the cells attach to the 3D 
nanostructures, which promote an engulfment-like event, deforming around the 3D 
nanostructure (Fig. 4.13 a-b). In this case, the double layer of platinum has a very 
critical function: the cells rich in carbon react very quickly with the gallium beam, 
which extensively damages the cell structures. Therefore, for the SEM observation a 
voltage of 3 kV and a current at 21 pA have been fixed. For ion beam observation, 
voltage and current have been fixed at 30 kV and 7.7 pA, respectively. 
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Figure 4.13 Cell selection via SEM: a) top view of a fixed HL-1 cell attached to the array of 
nanostructures, b) tilted view of the fixed cell shows the cell membrane promoting an 
engulfment-like event of the gold 3D microstructure. Scale bars: a) 25 m, b) 3 m.  
A cell on the 3D nanostructure was selected as the target area (Fig. 4.14 a) and a 
protecting metal layer was selectively deposited: platinum EBID (thickness of 0.4 m) 
has been deposited at 11 nA and then Pt-IBID (thickness of 0.4 m) at 80 pA. The cross 
section has been created by selecting a rectangular area of about 100 m2, and a fixed 
etching depth. The etching was performed by ion beam, testing currents from 65 nA 
down to 80 pA. High currents induce a very fast etch (1-4 minutes) when compared 
with low currents (1-10 hours). The etching parameters have been optimized to 
preserve the cell structures and the substrate underneath and moreover, to reduce the 
operational time of the process. As shown in Figs. 4.14 b-c, a current of 65 nA or 47 nA 
induced extensive damage in the target cell and on the structure below the cell. Ions 
are then not contacting and reacting with only the target area but also impacting the 
surrounding area. 
The target zone was delimited by a rectangular area where the ion beam etched 
through the sample in the z direction with a point by point scan. The lack of precision 
of the beam is damaging the surrounding area, and induces consistent artifacts. Figs. 
4.14 b-c clearly show how the geometry of the planar evaporated gold (bottom part of 
the substrate) has changed after the ion etching: after the evaporation the gold layer is 
uniform and should appear as a straight line in the cross section, instead it appears 
curved with undefined edges. By applying lower currents (Figs. 4.14 d-f), the etched 
edges are more defined. The planar gold layer is not always visible due to a re-
deposition caused by the interaction of the ion beam with the double layer of 
platinum. This platinum re-deposition is quite usual for such a process, and it can be 
avoided by performing a polishing step after the etching. 
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Figure 4.14 FIB cross section of fixed HL-1 and substrate: Example of a selected cell covered 
with EBID (11 nA) and IBID (80 pA) platinum layers (scale bar 25 m). Etched cross sections 
performed with a current of b) 65 nA, c) 47 nA, d) 21 nA, e) 0.23 nA, f) 80 pA. Scale bars: a) 
25m, b) 1 m, c) 1 m, d) 2 m, e) 2 m, f) 2 m. The sponge-like structure is the 
intracellular part of the cell, a brighter line represents the planar gold. Adapted from (123). 
 
Considering a fixed etching depth, etching currents ranging from 21 nA to 0.23 nA 
produce an etching depth smaller than expected (maximum around 5 m for these 
experiments). In contrast, a current of 80 pA (Fig. 4.14 f) induced an etching depth of 
2.5m ± 0.5 m. In order to visualize the actual interface between the cut cell and the 
substrate, a fine polishing of the cross section was performed. Currents of 0.43 nA (Fig. 
4.15 a), 0.23 nA (Fig. 4.15 b), and 80 pA (Fig. 4.15 c) were tested. By analyzing the 
acquired images with ImageJ, width and distribution of the ‘curtains’ induced by the 
FIB polishing have been calculated. Using a current of 80 pA reduces the curtains 
numbers down to 25% and the width to 15% compared to the other two tested 
currents (0.43 nA and 23 nA). 
 
Figure 4.15 Cross section polishing with FIB: Cross sections polished with current of a) 0.43 nA 
(red arrows indicate the curtains induced by the FIB), b) 0.23 nA, c) 80 pA. Scale bars: a) 1 m, 
b) 1.5 m, c) 0.8 m. Adapted from (123). 
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Finally, two cross sections forming an angle of 45° have been created. When 
performing a single cross section, an optimal current for the etching step was 80 pA. 
Therefore, this current was applied to create the two angled cross sections separately. 
Every cross section was obtained by facing the section perpendicular to the beam. In 
principle, the double cross section can be obtained by a serial or parallel etching 
Parallel etching has been tested first and it caused a re-deposition of platinum and 
etched material on the two cross sections. In contrast, etching the two cross sections 
independently eliminated the re-deposition phenomena. A current of 80 pA at 30 kV 
on a surface area of 100 m2 was applied at a fixed etching depth (Fig. 4.16 a). Then, a 
first polishing step was performed at a current of 0.43 nA (Fig. 4.16 b). A second 
polishing step was carried out with a current of 0.43 nA on 50% of the total area of 
each rectangular cross section (Fig. 4.16 c). The final step consisted in polishing the 
resulted cross section with a current of 80 pA applying the etching beam on only 5% of 
the total cross section area. Thus, a fine and smooth polishing of the two cross sections 
was achieved with no curtaining artifacts, with visible inner cell structures and an 
unaltered substrate (Fig. 4.16 d). 
 
Figure 4.16 45° angled double cross sectioning with FIB: a) cross sectioning with a current of 
0.43 nA, b) polishing of 100% of the overall area with a current of 0.43 nA, curtains artifacts are 
visible as vertical straight lines c) polishing of 50% of the overall area with a current of 0.43 nA, 
d) fine polishing of 5% of the overall area with a current of 80 pA, curtains are eliminated and 
cell structures appears unaltered. Scale bars: a) 8 m, b) 6 m, c) 5 m, d) 5 m. Adapted from 
(123). 
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4.3.2 Cells on 3D nanostructures: position of the 
engulfment-like event 
(Adapted from Santoro et al., ‘Interfacing Electrogenic Cells with 3D Nanoelectrodes; 
Position, Shape and Size Matter’, ACS Nano, vol.8, issue 7, pp. 6713-6723, (123)) 
HL-1 cells have been cultured on arrays of 3D nanostructures fabricated as shown in 
the section 3.1.1. The cell response to 3D nanostructures has been investigated. Two 
3D nanostructures shapes (cylinders with and without cap) have been fabricated with 
different dimensions (stalk radius, Rs, from 150 nm up to 400 nm, stalk height, H, from 
150 nm up to 500 nm). A stalk aspect ratio has been defined as H/2Rs. In these 
experiments,  resulted in a range from 0.4 up to 3.3 as shown in Fig. 4.17.  
 
Figure 4.17 Definition of the stalk aspect ratio . Adapted from (111). 
HL-1 cells approach the 3D nanostructures promoting an engulfment-like event in the 
center or at the periphery of the cell as schematically shown in Fig. 4.18. For these 
experiments, arrays of 3D nanostructures were coated as described in section 3.4.1 
and HL-1 cells were cultured as described in section 3.5.1. 
 
Figure 4.18 Definition of the position of the engulfment-like event in an HL-1 cell: 3D 
nanostructures can be approached in the center or at the periphery of the cell. Adapted from 
(111). 
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After 3 DIV, cell membrane and nuclei were fluorescently labeled as described in 
section 3.6.2. Images have been acquired using three different channels: a DIC channel 
for visualizing the substrate (Fig. 4.19 a), a green channel for the cell membrane 
fluorescently labeled with WGA (Fig. 4.19 c), and blue channel for the nuclei 
fluorescently labeled with DAPI (Fig. 4.19 b) (4% paraformaldehyde was replaced with 
3.2% glutaraldheyde because the cells were prepared for SEM afterwards). In order to 
co-localize the position of the 3D nanostructure, the membrane, and nucleus, the 
images from the three channels have been merged (Fig. 4.19 d).  
 
Figure 4.19 WGA and DAPI stain of HL-1 cells on an array of 3D nanostructures: a) DIC image 
of cells on the array, b) DAPI stain for cell nuclei, c) WGA stain for cell membranes, d) merged 
image from a), b), and c), red circles indicate the position of the 3D nanostructures underneath 
the cells. Adapted from (111). 
After the fluorescence microscopy, the samples were prepared for SEM/FIB as 
described in section 3.7. An example of fixed HL-1 cells on an array of 3D 
nanostructures is given in Fig. 4.20. 
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Figure 4.20 SEM micrographs of fixed HL-1 cells: red circles indicate the position of 3D 
nanostructures underneath the cells. 
During the SEM image acquisition, it was necessary to discriminate between cells on 
the 3D nanostructures and cells which adhered on the planar gold in between the 3D 
nanostructures by using a crosshair cursor. Moreover, the cells which engulfed more 
than one structure have been excluded. Even though the array was designed in a way 
that two adjacent nanostructures were spaced far enough apart to avoid multiple 
structures being engulfed by a single cell, a few HL-1 cells appeared to be bigger than 
25m in diameter and therefore, they could engulf more than one nanostructure. In 
general, for the statistical analysis, fluorescence microscopy and SEM images have 
been considered complementarily. To quantify the relative position of a single 3D 
nanostructure, the cell shape was fit with three equidistant and concentric elliptical 
regions of interest (ROIs) with respect to the ellipse axes (Fig. 4.21). The blue ROI 
determines the edge of the cell, the red ROI defines the middle of the cell and the 
black ROI represents the center of the cell. 
 
Figure 4.21 Examples of ROIs for determining the pillar position: ROI definition for relative 
position analysis of cells on 3D nanostructures for a) merged image of Fig. 4.19 d, b) SEM 
micrograph of Fig. 4.16 a, c) SEM micrograph of Fig. 4.16 b. Scale bars: a) 20 m, b) 10m, c) 
15 m. Adapted from (111). 
By counting the engulfment-like events for both cylinders with and without caps 
(N=53), it was found that 23% of engulfment-like events were promoted in the center, 
37% in the middle, and 40% at the edge of the cell (Fig. 4.22 a).  
4. Results and Discussion 
70 
 
 
Figure 4.22 Statistical analysis for determining the prominent engulfment-like position: a) 
percentage of cells plotted as a function of the position in the cell, b) normalized occurrence 
plotted as a function of position in the cell. Adapted from (111).  
When normalizing the rate to the effective area of each region, the occurrence of 
structures engulfed in the center was double the occurrence in the middle or at the 
edge of the cell (Fig. 4.22 b). 
 
4.3.2.1 Engulfment-like event at the edge of cell 
The SEM/FIB investigation at the nanoscale allowed understanding whether the shape 
and dimensions of the fabricated 3D nanostructures affect the membrane 
deformation, and which 3D nanostructure is more favorable for an engulfment-like 
event. As discussed in sections 2.6.3 and 2.6.5, the cell membrane in contact with a 
device can be characterized by considering two domains: the extracellular domain in 
contact with the underlying substrate is called the ‘junctional membrane’, while the 
domain which is free and in contact with the surrounding bath is called the ‘free 
membrane’ (18). First, an in depth investigation of the engulfment-like events 
occurring at the edge of the cell was carried out. From SEM observations, the cell 
outgrowth on 3D nanostructures was characterized with a particular focus on how the 
cell membrane deforms around the 3D nanostructures. Figs. 4.23 a-c show an example 
of an HL-1 cell engaging an engulfment-like event of a cylindrical nanopillar with a cap 
at the edge of the cell.  
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Figure 4.23 SEM micrographs of HL-1 engulfing cylinders with and without cap at the edge of 
the cell: a) image of a whole HL-1 cell engulfing a 3D nanostructure with cap at the edge of the 
cell, b) membrane detail of the edge of the cell, c) zoom-in of the cell membrane wrapping 
around the cap, d) image of a whole cell engulfing a 3D nanostructure without a cap at the 
edge of the cell, e) membrane detail of the edge of the cell, f) zoom-in of the cell membrane 
assuming a tent-like conformation when engulfing a cylinder without cap. Scale bars: a) 5 m, 
b) 1.5 m, c) 250 nm, d) 10 m, e) 1 m, f) 200 nm. Adapted from (111).  
The cell membrane appears to wrap around the 3D nanostructure, following nicely the 
nanostructures profile. When the cell is engaged in an engulfment-like event of 
cylinders without caps, the cell membrane shows a more tent-like profile, as shown in 
Figs. 4.23 d-f.SEM micrographs give information about the overall deformation of the 
cell on to the 3D substrates. For characterizing the actual deformation of the cell 
membrane in more details and investigate the interface at the nanoscale level, 
sequential cross sections of cells (N=110 cells) have been created as described in 
section 4.3.1. An example is given in Fig. 4.24. The cross sections have been etched 
over a target area close to the nanopillar (Fig. 4.24 a1). The junctional membrane and 
free membrane are attached completely to the substrate. Sequential cross sections in 
the direction of the pillar showed that in proximity of the nanopillar’s cap the two 
membrane domains, junctional and free, were visible (Fig. 4.24 a2). Finally, the last 
section has been created and two membrane domains are indistinguishable again on 
the other side of the 3D nanostructure (Fig. 4.24 a9). For statistical analysis, the cross 
section corresponding to the center of the pillar has been considered (Fig. 4.24 b). In 
this way, it is possible to distinguish different regions in the SEM images: the SiO2 
substrate (non-conductive material) is the darkest area, the straight, bright, horizontal 
line running the length of the image is the planar gold, the bright gold pillar is roughly 
central, and the light gray upper regions are the two cell membrane domains. 
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Figure 4.24 Sequential cross sectioning of a nanostructure at the edge of an HL-1 cell: a) SEM 
micrographs of sequential FIB cross sections with 150 nm spacing, b) zoom-in of the center 
cross section. Scale bars: a) 1 m, b) 1.5 m. 
The profile of the free membrane (solid lines) was traced as shown in Fig. 4.25 a and 
4.25 b, which both represent center cross sections of nanopillars with 1 m stalk 
height H, with caps and without caps, respectively. 
 
Figure 4.25 Center cross section of 1 m tall 3D nanostructures under HL-1 cells: a) capped 
nanostructures with a stalk radius, Rs, of i) 150 nm, ii) 300 nm, iii) 400 nm; b) uncapped 
nanostructures with a stalk radius Rs of i) 150 nm, ii) 300 nm, iii) 400 nm. Dashed lines indicate 
the junctional membrane, solid lines indicates the free membrane. Scale bars: 300 nm. 
Adapted from (111).  
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Figure 4.26 Junctional membrane profiles of cells on 3D nanostructures at the edge of the 
cell: a) membrane profiles of cells engulfing pillars with caps with H= 0.3 m for different D, b) 
membrane profiles of cells engulfing pillars with caps with H=1m for different D, c) 
membrane profiles of cells engulfing pillars without cap with H=0.3 m for different D, d) 
membrane profiles of cells engulfing pillars without cap with H= 1 m for different D. Adapted 
from (111).  
The membrane profiles of the free membrane have been analyzed for the effect of 
different stalk heights, H, and stalk diameters, D, where D=2Rs, as shown in Fig. 4.26 a-
d. The cross section images were analyzed with ImageJ, in particular with the macro 
‘PoligonXY’ (courtesy of Zhanna Santybayeva, ICS-7, Forschungszentrum Jülich, 
Germany). Cylinders without caps favor a ‘tent-like’ deformation of the free membrane 
(Fig. 4.26 c-d) for all stalk diameters, at height of 300 nm and 1 m. In addition, the 
free membrane assumed a tent-like conformation also in presence of cylinder with 
caps with height of 300 nm, so for small stalk aspect ratio as shown in Fig. 4.26 a. High 
3D nanostructures with caps favor an hourglass shape: the highest membrane 
deformation appears to be when the cell promotes an engulfment-like event of 3D 
nanostructures with cap, of the smallest diameter, 150 nm, and a height of 1m, 
resulting in an aspect ratio of 3.3. From the experimental evidence, two states are 
distinguishable at the periphery of the cell: the cell free membrane deforming in an 
hourglass-like shape, promoted by taller capped cylinders (Fig. 4.27 a), and a tent-like 
shape, occurring in the presence of cylinders without caps (Fig. 4.27 b) or in the case of 
small capped cylinders. 
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Figure 4.27 Schematic of cell membrane deformation at the edge of the cell: a) cell 
membrane wraps around cylinders with cap, deforming in an hourglass shape, b) cell 
membrane does not wrap around cylinders without cap, deforming in a tent-like shape. 
Adapted from (111).  
4.3.2.2 Engulfment-like event in the center of the cell 
A second part of the interface investigation consisted in the characterization of the 
biomechanical membrane deformation at the center of the cell. As for 3D 
nanostructures engulfed at the periphery of the cell, sequential FIB cross sectioning 
was performed (examples are given in Fig. 4.28 a-b). For statistical analysis, the cross 
section through the center of the structure was analyzed (section 3 in Fig. 4.28 a-b) 
since that is where the membrane deformation is maximal. 
4. Results and Discussion 
75 
 
 
Figure 4.28 FIB sequential cross sectioning of HL-1 engulfing 3D nanostructures in the center: 
a) sequential cross sections of a HL-1 engulfing a 3D cylindrical nanostructure with cap, b) 
sequential cross sections of a HL-1 engulfing a 3D cylindrical nanostructure without cap. Scale 
bars: a) 1.5 m, b) 2.5m. Adapted from (111). 
In contrast to the edge scenario, the free membrane domain does not ‘feel’ the 3D 
nanostructure underneath because of the cytoskeleton, organelles, and nucleus. The 
junctional membrane detaches from the planar substrate and from the 3D 
nanostructure (Fig. 4.28). During a typical endocytic process of a nano or 
macroparticle, the cell membrane, driven by the actin filaments, first deforms around 
the particle and then internalizes it by forming a vesicle (124–126). Here the process is 
very similar, except for the fact that the 3D nanostructure cannot be internalized 
because it is fixed on the planar gold. The actin filaments push the junctional 
membrane, deforming it around the structure, by forming a ring around the stalk (54). 
The junctional membrane deformation has been quantified by defining four 
parameters, as schematically shown in Fig. 4.29 a-b. These parameters are: the 
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detachment length of the junctional membrane (Rd,J), the cross-sectional area of the 
detached membrane (A), the engulfment length (de), and the attachment angle (. Rd,J 
is the horizontal distance from the membrane attachment point on the planar 
substrate to the central z-axis of the pillar. de is evaluated as the vertical projection 
from the top of the pillar to the membrane attachment point on the pillar stalk, as 
shown in Fig. 4.29 a.  is the angle between the curving membrane and the vertical of 
the pillar, at the point where the membrane leaves the stalk under the cap, as shown 
in Fig. 4.29 a. In the case of cylindrical pillars without caps, the parameters have been 
calculated similarly, considering the attachment points of membrane on the stalk (Fig. 
4.29 b). 
 
Figure 4.29 Parameters definition for junctional membrane deformation in the center of the 
cell: a) schematic of a cell engulfing a cylindrical 3D nanostructure with a cap where Rd,J  is the 
detachment length of the junctional membrane, A is the cross-sectional area of the detached 
membrane, de the engulfment length,  and the attachment angle, b) schematic of a cell 
engulfing a cylindrical 3D nanostructure without a cap. Adapted from (111). 
These parameters have been calculated with ImageJ by using the functions in the 
command ‘Analyze’, where it is possible to measure lengths of segments, areas and 
values of angles. The data were then processed with the software Origin 8.1G. On the 
one hand, for stalk aspect ratios between 0.4 and 0.75, Rd,J for the nanopillars with and 
without a cap are comparable (0.75 m in average for both) as shown in Fig. 4.30 a. On 
the other hand, when the aspect ratio is highest (3.3), the average Rd,J is 0.25 m for a 
nanopillar without a cap, while Rd,J is more than 10 times higher (2.6 m) for a 
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nanopillar with a cap. The difference in Rd,J causes the resulting difference in A of 0.42 
m2 vs 0.04 m2 for a cylinder with a cap and without a cap, respectively (Fig. 4.30 b). 
The engulfment percentage, f, has been defined as the ratio between de and the total 
height of the pillar as shown in Fig. 4.29 a. 
 
Figure 4.30 Parameters for characterization of the juntional membrane deformation on 3D 
nanostructures: a) detachment length plotted as a function of stalk aspect ratio, b) cross 
sectional area plotted as a function of the stalk aspect ratio, c) engulfment percentage plotted 
as a function of stalk aspect ratio, d) membrane attachment angle plotted as a function of the 
stalk aspect ratio. Adapted from (111). 
For both shapes, the highest f was achieved at the highest aspect ratio (=3.3). In this 
case, the cells engulf 75% of the nanopillar volume where there is no cap and up to 
95% of the volume of nanopillars with a cap (Fig. 4.30 c). To analyze  the tangent of 
the junctional membrane was extended to the vertical axis of the pillar. A threshold 
engulfment angle has been defined when the membrane forms an angle less than 90° 
with the vertical axis of the pillar, as shown in Fig. 4.30 d. According to the 
experimental data, except for structures with the lowest aspect ratio, = 0.4. all 
nanopillars with caps promote an engulfment-like event. The curvature of the 
junctional membrane is influenced mostly by the cytoskeletal forces pulling the 
junctional membrane toward the free membrane while the actin ring around the 
nanopillar is mostly generating forces pulling the junctional membrane towards the 
substrate (126). Moreover, the position of the actin ring (examples are shown in Fig. 
4.31 a) defines the membrane attachment point on the stalk, thus it affects all the 
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experimentally calculated dimensions. For small aspect ratios such as 0.4, the actin ring 
is around the cap and not on the stalk: the junctional membrane assumes a tent-like 
conformation like for the 3D nanostructures without cap. This justifies, in particular, 
the value of where for =0.4, is not in the engulfment range. In order to further 
visualize the actin filaments, they have been stained with gold nanoparticles (10 nm in 
diameter) in order to increase their contrast in the SEM. Phalloidin was used to 
immunocytochemically label actin, as described in section 3.5.3. However, in this case, 
the phalloidin was conjugated with –BiotinXX. The naturally occurring bond between 
biotin and streptavidin then allowed gold nanoparticles to be attached by using a gold 
cluster conjugated with streptavidin. Fig. 4.31 b-i shows an SEM micrograph of a FIB 
cross section (Fig. 4.31 b-i). A contrast enhancer (Fig. 4.31 b-ii) allowed detection of the 
distribution of gold nanoparticles in a more accurate way. Furthermore, a color 
assignment was defined for the brighter ROIs of the SEM image (Fig. 4.31 b-iii): these 
red ROIs represent the conductive parts (metal), so the gold nanoparticle (red dots in 
Fig. 4.31 b-iii) and the gold 3D nanostructure (right side of Fig. 4.31 b-iii).  
 
Figure 4.31 Actin ring localization around the 3D nanostructures: a) actin localization via cross 
sections of HL-1 cells on the cylindrical nanopillars with cap for different aspect ratios, b) actin 
immunostaining with phalloidin and gold nanoparticles. Adapted from (111). 
 
4.3.3 Seal resistance estimation 
The big advantage of using 3D nanostructures on MEAs is the increase in the effective 
adhesion area of the cell on the electrode. In sections 2.6.3 and 2.6.5, it was discussed 
how critical is the value of the seal resistance considering an electrical equivalent 
circuit representing the cell-electrode interface. High seal resistances improve the 
quality of the signals recorded from MEAs. From the interface investigation in the 
previous section, it is possible to estimate the seal resistance considering 3D cylindrical 
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nanopillars with or without cap as MEA electrodes. The seal resistance strongly 
depends on the adhesion area of the cell on the electrode. Here, the effective adhesion 
area is proportional to the engulfment percentage discussed in the previous section. 
The seal can be defined as follows: 
                                                     𝑅 = 𝜌 ∗
𝑙
2𝜋𝑟𝑙𝑗
                               (eq. 4.1) 
which was derived from in the work of Hai et al. (104). In the eq. 4.1,  is defined as 
the cleft resistance which is 100 cm, r is the cap radius for cylinders with cap and 
the cylinder radius for cylinders without a cap. l represents half of the circumference 
around the nanoelectrode and lj the distance between the junctional membrane and 
the nanoelectrode, which is assumed to be about 10 nm. In the center of the cell, for 
aspect ratios,  of 0.4 and 3.3, the seal resistance on capped structures was 18 M 
and 55 M, respectively (Fig. 4.32 a). 
 
Figure 4.32 Estimation of the seal resistance in the center and at the edge of the cell: a) seal 
resistance when HL-1 cells promote an engulfing-like event in the center of the cell plotted as a 
function of the stalk aspect ratio. Adapted from (111). 
4.3.4 Discussion of section 4.3 
An optimal FIB cross sectioning protocol has been developed for visualizing the 
interface between 3D nanostructures and HL-1 cells. For the platinum EBID, the most 
homogenous conditions resulted when using a current of 11 nA, depositing a layer with 
a thickness of about 0.8 m. In addition, for the platinum IBID, the more suitable 
current was 80 pA while depositing a layer of 0.4 m in thickness. A current of 80 pA is 
the most suitable one for etching a cross section homogeneously and at the desired 
depth. For the polishing, it has been observed that decreasing the target area and 
reducing the current to 80 pA reduces the re-deposition of platinum, especially when 
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performing 45° double cross sections. These phenomena were similarly discussed in 
the work of Drobne et al. (109). Another approach would be to consider lowering the 
current and the voltage, as presented for L929 and primary neurons (127). In that case, 
the current used was in a range from 50 pA up to 900 pA at a voltage of 5 kV. In the 
presented experiments, it was not necessary to lower the voltage since the final target 
area has been reduced to 10% of the initial target area for performing a very fine 
polishing.  
In the second part of the section, the cell-3D nanostructure interface has been 
investigated, focusing on the position where an HL-1 cell promoted an engulfment-like 
event of the structures. The probability of engulfment-like events in the center of the 
cell is two times higher than in the periphery of the cell. The cell membrane 
deformation has been biomechanically quantified for these two scenarios: engulfment-
like event at the edge and in the center of the cell. At the periphery of the cell, the 
cytoskeletal region is very thin, therefore the membrane deformation has been 
quantified as for a 2D system (128). By analyzing the free membrane profiles, it was 
found that the cells promote a high wrapping state in the presence of cylinders with 
caps only when the stalk height is 1 m. Cylinders without caps and cylinders with caps 
(height of 0.3 m) promote a tent-like deformation of the free membrane: this is a 
clear sign that, energetically, these 3D structures do not favor an engulfment-like 
event, as also theoretically discussed in the work of Santoro et al. (111). At the center 
of the cell, the free membrane does not sense the 3D structures underneath, due to 
the presence of the cytoskeleton, which is contributing to the deformation of the 
junctional membrane. Furthermore, the junctional membrane partially detaches from 
the pillar and the substrate underneath. This phenomenon was previously discussed 
for Neuro-2a cells (46) and for primary neurons (55), but it was interpreted as an 
artifact due to the cell preparation for SEM. Here, it was shown that the junctional 
membrane detachment represents a biomechanical response to the engulfment-like 
event. The actin filaments form a ring around the 3D structures. In particular, the 
height of the actin ring determines the curvature of the deformation of the junctional 
membrane. By comparing cylinders with and without caps in the considered range of 
dimensions, cylinders with caps promote the best engulfment, resulting in an 
engulfment percentage up to 95%, biggest detachment length Rd,j and smallest 
attachment angle , for a stalk aspect ratio of 3.3. This brings us to the idea that tall 
and thin 3D nanostructures with caps are good candidates for in-cell recording. This 
was also confirmed by the estimation of the seal resistance, which is the highest for 
=3.3 (55 M in the center of the cell. Similar results were reported by modeling 
(104,129). A theoretical validation of the presented experimental evidence about the 
junctional membrane deformation is also reported in the work of Santoro et al. (111). 
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4.4 Cell guidance on 3D nanostructures 
In the previous section, it has been shown that 3D nanostructures induce different cell 
responses depending on their dimensions and shape. Moreover, the position of the 
engulfment-like event, determines how the cell is deforming its membrane. In some 
aspects, the interface plays a pivotal role on chip culture especially when it is needed 
to further ‘manipulate’ the cells. Understanding the interaction of a single cell with a 
single 3D nanostructure represents the basic knowledge for more complex systems 
and interactions, such as cells contacting cells on an array or pattern of 3D 
nanostructures. In this section, 3D nanostructures will be involved in cell guidance: 3D 
pillars arranged in a grid design are shown to be capable of creating a well-defined 
network of cells. In case of 2D patterns, the interaction between cells and the 
patterned substrate is receptor-mediated: the cell recognizes the patterned protein as 
a component of the extra cellular matrix (ECM) and aligns according to the location of 
the protein. 3D nanostructures induce guidance by a different mechanism: assuming 
that the ECM protein is covering a whole substrate with nanostructured and planar 
areas, the cells are not only attracted by the protein, but the dominant factors become 
the shape and the effective adhesion area of the 3D patterns. Different cell types have 
been tested in order to understand if the cell response is comparable among different 
cell types or is phenotype-related (i.e. determined by the inherent cytoskeleton 
composition, cell morphology, or cell motility of a particular cell lineage).  
 
4.4.1 Guidance of neuronal cells on 3D grids 
Primary cortical neurons have been cultured on grid patterns of 3D nanostructures 
(cylinders with caps) with pitches from 2 m up to 10 m, fabricated as described in 
section 4.1.2. In this case, before the resist removal and after the electrodeposition, a 
SAM of 11-Amino-1-undecanthiol has been prepared, as described in section 3.4.2. The 
prepared SAM resulted in a positively charged terminal chain when placed in cellular 
solution, which favors cell outgrowth on the structures (130). After the SAM 
preparation, the PMMA was removed by acetone, and the samples were sterilized in 
70% ethanol and dried with a nitrogen stream. A cell density of 60*103 in 3 ml of 
medium was placed on the substrates and the medium was changed every second day 
(as described in section 3.5.2). After 7 DIV, live and dead cells were fluorescently 
stained as described in section 3.6.1. The underlying substrate was visualized by using 
a DIC polarizer while live and dead cells where visualized by using fluorescent filters 
according to the wavelength of the labeling dyes (green and red, for live and dead cells, 
respectively in Fig. 4.33). Fig. 4.33 shows that the cells nicely follow the pattern, 
independent of the pitch between adjacent pillars. Moreover, it is possible to see that 
the cell bodies cluster mainly localized on the 64 nodes. In Fig. 4.33, a rectangular area 
is visible above the grids and it connects all the grids together in order to 
electrodeposit gold on all grids in one step during the metal galvanization. 
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Figure 4.33: 7 DIV guided cortical neurons on grids of 3D nanostructures: pitch between 
adjacent 3D nanostructures is from 2 m up to 10 m in a 1m step (from i to xi). Live and 
dead cells labeled in green and red, respectively. Scale bars: 400 m. 
 
Fig. 4.34 shows an example of how the neurites grow on a grid of 3D nanostructures 
with a pitch of 3 m. Cell neurites follow the pattern and they appear to grow mostly 
in straight lines on the top of the structures as shown in the SEM micrographs of Fig. 
4.35.  
 
Figure 4.34: Guided cortical neurons on grid of 3D nanostructures with 9 m pitch: a) 
live/dead stain of cells guided on grid with 9 m pitch, red box zoom-in b) detail of cell bodies 
on a node and straight neurites on lines. Scale bars: a) 400 m, b) 25 m. 
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Figure 4.35 SEM micrographs of guided cortical neurons: a) overview of fixed neurons on grid 
structures, b) detail showing neurites growing straight on a grid node and grid lines. Scale bars: 
a) 100 m, b) 25 m. 
In order to quantify the efficiency of the grid structures, live and dead cells were 
counted and normalized with respect to the effective adhesion area of the3D 
nanostructures on planar gold and the SiO2 area, respectively. 1.5*10-3 cells/m2 living 
cells grew on gold 3D nanostructures, in contrast to 0.24*10-3 cell/m2 on SiO2 (Fig. 
4.36 a). Finally, the cell bodies have been counted with regards to the nodes and lines, 
and it was found that independent of the 3D nanostructures pitch, cell bodies are 
twice as likely as to be placed on the nodes than on the lines (Fig. 4.36 b). 
 
Figure 4.36: Statistical evaluation of neuronal guidance on 3D nanostructured grids: a) 
normalized number of live and dead cells for 3D pillars and SiO2 areas, b) number of live cells 
on nodes or nodes and dead cells plotted as a function of the pitch. 
In order to investigate the actual morphology of the neuronal cells on grid patterns, 
cells were prepared for SEM as described in section 3.6. Cross sections were created as 
described in section 4.3.1. From the SEM observations (Fig. 4.37 a-b), cell neurites form 
a bundle and grow on the top of the 3D structures. The attachment on the top of the 
structures is clearly visible in the FIB cross sections of Fig. 4.37 c-d: the cell protrusions 
do not attach the planar gold underneath but are mostly attracted by the cap of the 3D 
structures, stretching and packing together along them.  
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Figure 4.37 FIB cross section of neurites on grids: a) SEM micrograph of neurites aligned on 
the 3D structures caps, b) zoom in on neurites nicely packed together, c) FIB cross section of a 
neurites fragment, d) SEM micrograph (90° rotation) of FIB-cut neurites. Scale bars: a) 10 m, 
b) 2 m, c) 10m, d) 2 m. 
 
4.4.2 Guidance of HL-1 cells on grids 
(Adapted from Santoro et al., ‘On chip guidance and recording of cardiomyocytes with 
3D mushroom shaped electrodes’, Nano Letters, vol.13, issue 11, pp. 5379-5384 (51)). 
HL-1 cells were cultured on grid patterns of 3D nanostructures, fabricated as described 
in section 4.1.2. After 3 DIV, cells formed a confluent monolayer on the lines, and 
live/dead cells were labeled as described in section 3.6.1. The analyzed samples (n=10) 
showed a high cell vitality with nearly 100% living cells (live cells in green in Fig. 4.38 a). 
 
Figure 4.38 HL-1 cells on 3D structured grids: a) live/dead stain of cells, b) 87% guided cells on 
grid (top) and 96% guided cells (bottom). Scale bars: a) 200m, b) 50 m. Adapted from (51). 
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The normalized number of cells was plotted as a function of the pitch between 
adjacent pillars (Fig. 4.39). As shown in the plot (Fig. 4.39), the normalized number of 
not guided cells was, on average, 10%, in contrast to 90% of cells guided by the 3D gold 
nanostructures.  
 
Figure 4.39 Normalized number of cells plotted as a function of the pillar pitch. Adapted from 
(51). 
The effective adhesion area of the 3D nanostructures is higher than the flat SiO2 area 
and cardiomyocytes would rather anchor via focal adhesion proteins and spread on the 
rough nanopillars surface than on the flat surface. The nanopillars with a pitch from 3 
m to 7 m showed the best guidance effect on the HL-1 cells considering the ratio 
between guided and non-guided cells. On average 93-96% of cells were guided in this 
range of pitches in contrast to only about 87% guided cells by 2 m pitch and an even 
lower degree of guided cells for pitches between 8-10 m (84-86%). Up to 96% of the 
cardiomyocytes were guided in the presence of capped 3D nanostructures with 4 m 
pitch. In order to investigate the performance of the nanopillars that showed the 
lowest guidance effect, FIB cross sections have been performed on the pillars with 2 
µm and 10 µm pitch as well as additional scanning electron microscopy. On the one 
hand, cardiomyocytes tended to spread more, and flattened in the presence of the 
bigger pitch as shown in Fig. 4.40 c-d, still engulfing the 3D nanostructures without 
being confined by them. On the other hand, the cells have a more stretched 
configuration in presence of nanostructures with 2 m pitch (Fig. 4.40 a-b). The 
stretching is due to the cell phenotype when the cytoskeleton re-arrangement is driven 
mostly by myosin and actin filaments. 
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Figure 4.40 SEM micrographs of HL-1 cells on 3D nanostructured grids: a) overview of cells on 
grid of 3D capped nanostructures with a 2 m pitch, b) detail of a stretched cell on the grid of 
3D capped nanostructures with 2 m pitch, c) cells on grid of capped 3D nanostructures with 
10 m pitch, d) detail of an HL-1 cell spreading on a line of a grid of capped 3D nanostructures 
with 7 m line. 
 
4.4.3 Discussion of section 4.4  
3D structures designed in a grid pattern were able to guide cells in a well-defined 
network. For primary neurons, the pitch between adjacent 3D microstructure does not 
play a fundamental role in guidance effect, in contrast to HL-1 cells which showed the 
best guidance percentage (up to 96%) in the presence of grids with 3D nanostructures 
spaced every 4 m. Similar results were reported in the case of patterns created by 
silicon nanopillars, where LRM55 cells showed 70% of guidance and preference to 
grow on the pattern instead of a planar silicon surface (129). The substantial difference 
between the experiments performed with neurons and with HL-1 is that in the first 
case the adhesion promoting biomolecule (amino-terminated chain) was placed only 
on the gold areas (planar lines and 3D microstructures), for HL-1 the silicon oxide and 
the gold areas where both coated with fibronectin. Neurons were attracted by the 
thiol molecule first and then their bodies preferred to attach on the nodes in contrast 
to the neurites which tended to grow on the lines and aligned to the pattern, as shown 
also in FIB cross section (Fig. 3.37). HL-1 cells were instead attracted by the topography 
of the 3D nanostructures. Muscle cells in general tend to stretch along patterns (132–
135) . In particular, these cells prefer to anchor to the substrate with focal adhesion 
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proteins, so the presence of the 3D nanostructures result to have a higher effective 
attachment area than the planar silicon oxide areas. For very small pitch (2 m), HL-1 
cells significantly stretched along the pattern, in contrast to a more flatted and spread 
morphology in the case of higher pitch (10 m): it has been shown in the work of 
Santoro et al. (51) that small pitches do not induce the cell membrane to penetrate 
between adjacent 3D nanostructures, instead this is favorable only when basically 
there is more free space between the 3D structures.  
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5. Summary and Conclusions 
In the first part of this thesis, an overview about the background was given to highlight 
the challenging points regarding the coupling of electrogenic cells with biosensors. 
MEAs are devices used for extracellular recording of action potentials and for 
stimulating electrogenic cells. These devices are typically planar and this limits the 
device performance from an electrical point of view. An electrogenic cell can adhere on 
a planar electrode but a gap forms in between: this cleft is characterized to have a seal 
resistance which affects the electrical signal transmission from the cell to the recording 
device. As alternative to planar devices, 3D micro and nanoelectrode arrays were 
presented in literature for cell recording and stimulation. 3D structures induce the cells 
to tightly grow around them and so, the cleft is reduced almost to zero (and the seal 
resistance increases). In particular, mushroom-shaped microelectrodes are a suitable 
tool for in-cell recording.  
 
In this thesis, 3D nanostructures have been successfully fabricated in an array, in a 64-
nodes grid pattern and on MEAs. Electrogenic cells (HL-1 cells) have been cultured on 
MEAs with capped 3D nanoelectrodes. In the first part of the experiments, a confluent 
monolayer of HL-1 cells grew on the chip. After 3 DIV, it was possible to record 
spontaneous APs and calculate a firing frequency which belongs to the physiological 
range expected for these cells. In addition, cells were cultured on 3D MEAs with grid 
patterns fabricated on the top of the passivation layer. These grids of 3D nanostructures 
allowed creating a defined pattern of HL-1 on the actual MEA surface. In this case, it was 
possible to simultaneously guide cells on the chip, record spontaneous action potentials, 
and record action potentials induced by adding norepinephrine to the cell medium, 
which resulted in an increase of the firing frequency of the cells.  
 
By SEM and FIB cross section the actual interface has been visualized. In particular, an 
optimal FIB sectioning protocol was developed to reduce curtaining phenomena. These 
artifacts alter the cell structures and the morphology of the underlying substrate. It was 
found that currents in the range of 11 nA are suitable for depositing a protective 
platinum layer with thickness of 0.4-0.8 m during EBID and IBID. For creating a 
transversal cross section, an etching current of 80 pA was used for reaching an optimal 
etching depth, limiting platinum re-deposition, and preserving cell structures. The same 
current was used while performing the fine polishing of a cross section allowing the 
visualization of the intracellular structures, the 3D nanostructure and the planar 
substrate underneath. The single cross section protocol optimization was extended in 
order to create a 45° angled cross section. 
 
The FIB cross section method was applied to investigate the cell response, in terms of 
engulfment-like mechanism and membrane deformation, to 3D nanostructures with 
two different shapes (cylinders with or without caps) and different dimensions (from 0.3 
m to 0.8 in stalk diameter and from 0.3 to 1 m in stalk height). HL-1 cells promoted 
engulfment-like event in different regions: center, middle and edge of the cell. In 
particular, 3D nanopillars are engulfed two times with higher probability in the center of 
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the cell than at the periphery. The cell response was investigated considering the 
deformation of junctional and free membrane domains in respect of the engulfment-like 
event position and 3D nanopillar stalk aspect ratio At the edge of the cell, the free 
membrane deforms according to shape and size of the 3D nanostructures. In particular, 
thin and tall 3D cylindrical nanopillars with caps induce a hourglass-like membrane 
deformation. In contrast, the membrane exhibits a tent-like deformation in presence of 
cylindrical pillars without cap and short nanopillar with cap. 3D nanopillars with high 
i.e. 3.3, promote high membrane wrapping states around the 3D capped nanopillars. 
In the center of the cells, the junctional membrane detached from the planar substrate 
and the 3D nanopillars while the free membrane does not feel the 3D nanopillars 
underneath. Therefore, the junctional membrane deformation was characterized with 
respect of four parameters: detachment length, detachment area, attachment angle, 
and engulfment percentage.  
It was found that capped 3D nanopillars with the highest (i.e. 3.3) induced up to 95% 
of engulfment in combination with the highest detachment length, area and attachment 
angle. The actin ring is responsible of the membrane deformation around the 3D 
nanopillars and by attaching to the pillar stalk at the different heights. It is possible to 
conclude that 3D nanopillars with caps, which are thin and tall (i.e. =3.3), promote the 
best engulfment-like event in the center of the cell and in addition, induce high 
wrapping states (membrane deformation as a hourglass) at the edge of the cell. This 
leads to consider high and tall capped 3D nanopillars as optimal electrodes for in-cell 
recording. This was also supported by the estimation of the seal resistance, which was 
about 60 M for 3D capped nanopillars with =3.3, in the center. 
The understanding of the interaction mechanism at the interface between cells and 3D 
nanoelectrodes, is the basis for using these 3D structures to manipulate cells on chip. 64 
nodes patterns were created to guide cells in a well-define network. 3D capped 
nanostructures with different pitches (from 2 m to 10 m with a 1 m step) were 
placed on the lines and on the nodes of the grids. HL-1 cells were cultured on grids 
coated homogeneously with fibronectin while primary neuronal cells were cultured on 
grid with an amino-thiol SAM, which selectively binds the gold. It was found that grids 
with 3D nanostructures with 4 m pitch exhibit the best guidance effect on HL-1 cells. In 
contrast, neuronal cells were guided on the grid independent to the 3D nanostructure 
pitch. In this case, neuronal cell bodies attach and grow rather on the nodes than on the 
lines.  
 
This thesis showed the possibility to successfully fabricate 3D nanostructures in different 
shapes and dimensions on a variety of substrates, manipulate cell behavior with such 
structures (membrane deformation, cell guidance) and record action potentials from 
electrogenic cells. The results of this thesis are fundamental for understanding how cells 
interact with 3D biosensors. The biomechanical investigation of the cell membrane 
deformation as response to 3D nanoelectrode shape and dimension is the first step for 
electrically characterizing the interface. This innovative approach together with 
electrical characterization of the device, gives a complete idea of how to optimize the 
electrical-biomechanical coupling of electrogenic cells with 3D biosensors. In 
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comparison with similar works in literature, the results of this thesis are possible 
answers to open questions in the neuroelectronic fields. In the works of Spira et al. 
(31,39,41,42,54,104), it was successfully shown how mushroom-shaped electrodes can 
improve the seal resistance and the electrical coupling of invertebrate neurons with 
MEAs. Nevertheless, only one mushroom-shape electrode type was tested, in contrast 
to the different types of 3D nanostructures presented in this thesis. Even if cylinders 
without caps have been presented in literature for APs recording (36,37,136) it was not 
clear whether a cylindrical electrode shape is optimal for these purposes.  
Some examples of 3D nanostructures (for cell recording) presented in literature are 
compared with the results obtained in this thesis in the table T5.1. 
Here, it was demonstrated that cylindrical nanoelectrodes are biomechanically 
unfavorable for in-cell recordings in the range of the presented parameters. This thesis 
brings an innovative concept for in-cell recordings: the position of the electrode in 
contact with the cells plays a pivotal role for the estimation of the seal resistance. In the 
past, it was assumed that a cell contacts a MEA electrode equal way, independent of the 
cell position on the electrode. In addition, electron microscopy approaches were 
developed for interface characterization. Nevertheless, a systematic approach for 
sequential sectioning was not presented yet. Here, a step-by-step SEM/FIB method was 
developed and in particular, systematic artifacts have been reduced. These artifacts 
have been object of discussion in literature (107,109). In this thesis, artifacts due to the 
biological sample preparation and FIB interaction have been significantly reduced. Then, 
the quality of the experimental SEM/FIB images allowed the quantification of 
biomechanical membrane deformation parameters. 
 
3D nanoelectrode Dimensions Cell type Interface 
investigation 
Recorded signal 
Vertical nanowire 
(35) 
D= 150 nm 
H= 3 m 
Primary 
neurons 
- ~2.5 mV after 
electrical stimulation 
Nanotube FET 
(136) 
D= 55-150 nm 
H~2.2 m 
Primary 
cardiomyocytes 
- 76-100 mV after 
mechanical 
penetration 
Vertical cylinders 
(36) 
D= 150 nm 
H=1.5 m 
HL-1 cells Single SEM/FIB 
cross section 
~100 V before 
electroporation 
Mushroom shape 
micro electrodes 
(41) 
D=500 nm 
H~1 m 
Aplysia 
neuron 
TEM 0.1- 25 mV after 
electrical 
stimulation 
This thesis: 
Cyliders with or 
without cap) 
 
D=300 nm-800 nm 
H=300 nm-1000 nm- 
HL-1 cells Sequential 
SEM/FIB with 
biomechanical 
quantification 
~100 V without 
electrical stimulation 
 
Table T5.1 Comparison of 3D nanostructures performance presented in literature and in this 
thesis. 
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6. Outlook 
This thesis showed a fundamental proof of how cells interact with 3D electrodes. The 
possibility to predict optimal shape and dimensions leads to use these structures for 
various in vitro and in vivo applications. It was shown how HL-1 cells interact with 3D 
nanostructures. It would be of great interest to understand and characterize the 
interaction of neuronal cells with similar 3D nanostructures. Hl-1 cells have a relative big 
cell body (about 25 m diameter) while neuronal cells have cell bodies of about 10-15 
m. The open question is if neuronal cells would deform their membrane according to 
the shape and dimensions of the 3D nanostructures. In principle, it is necessary to 
investigate whether also in case of neuronal cells, the majority of the engulfment-like 
events is promoted in the center of the cell body or more at the periphery. It is 
necessary to take into account that neuronal cells have neurites which can extend from 
the cell body. These neurites can be relatively long but comparably thin, so the actual 
cell membrane area, which contacts the 3D nanostructures, is much smaller than the 
cell body membrane. It is possible to assume that the neurites would deform according 
to the structure or they could grow on the top of the structures because of the small 
contact area. Considering that, for in-cell recordings it is necessary to investigate which 
shape and in particular, which dimensions are suitable for promoting the tight contact 
between neuronal cells and 3D nanostructures. An optimal contact at the interface, 
improves the complete signal transfer from the neuronal cell to the recording device. In 
addition, 3D nanostructures can be used for stimulate neuronal cells via sending a 
voltage or current pulse to the cell from the electrode. This electrical pulse could induce 
two different mechanisms: a change in the AP frequency or a local electroporation of 
the cell membrane. In case of the AP frequency change, the propagation of the APs 
within neuronal network would be affected by the electrical stimulus. In this way, it 
could be possible to manipulate the information flow between cells within a network. 
By applying an electrical pulse for electroporation, it is reasonable to assume that the 
electrode would temporarily penetrate into the cell. The 3D nanoelectrode can be in 
contact with the intracellular side of the cell, recording APs as a patch clamp electrode 
without being harmful for the cell itself. Yet, it is not clear if after an electroporation 
pulse and a subsequent electrode penetration, the cell can permanently incorporate the 
electrode or if this phenomenon is a transient. With this approach, it can be possible to 
compare, for example, how healthy neuronal cells respond to the electroporation or 
stimulation pulse in comparison with unhealthy cells. Such 3D MEA system would be a 
perfect tool for characterizing the electrical activity of healthy neuronal networks and, 
in principle, can be used to study networks of unhealthy cells to understand how 
pathological cells exchange APs. On a macroscale level, 3D nanostructures can be used 
for in vivo applications. Actual recording systems are invasive, and they have sharp 
electrode which are not always mechanically stable with the time. The idea is to implant 
an in vivo recording systems which can be incorporated by the neuronal tissue. In 
general, in presence of a biocompatible implant, cells from a tissue can proliferate and 
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incorporate the implant to the tissue. Having an electrical system stably coupled with 
neuronal tissue allows recording and at the same time, stimulating the tissue. This is 
crucial for patients affected by Parkinson’s diseases where an electrical impulse could 
trigger unhealthy cells and reduce, for example, the typical shaking pathological 
movements.  
 
7. References 
93 
 
7. References 
1.  Willner I, Willner B. Biomaterials integrated with electronic elements: en route to 
bioelectronics. Trends Biotechnol. 2001 Jun 1;19(6):222–30.  
2.  Xiang D, Jeong H, Lee T, Mayer D. Mechanically Controllable Break Junctions for 
Molecular Electronics. Adv Mater. 2013;25(35):4845–67.  
3.  Cui Y, Wei Q, Park H, Lieber CM. Nanowire Nanosensors for Highly Sensitive and Selective 
Detection of Biological and Chemical Species. Science. 2001 Aug 17;293(5533):1289–92.  
4.  Wong SS, Joselevich E, Woolley AT, Cheung CL, Lieber CM. Covalently functionalized 
nanotubes as nanometre- sized probes in chemistry and biology. Nature. 1998 Jul 
2;394(6688):52–5.  
5.  Patolsky F, Timko BP, Yu G, Fang Y, Greytak AB, Zheng G, et al. Detection, Stimulation, 
and Inhibition of Neuronal Signals with High-Density Nanowire Transistor Arrays. Science. 
2006 Aug 25;313(5790):1100–4.  
6.  Kissinger PT. Biosensors—a perspective. Biosens Bioelectron. 2005 Jun 15;20(12):2512–6.  
7.  Bitzer S, van der Smagt P. Learning EMG control of a robotic hand: towards active 
prostheses. Proceedings 2006 IEEE International Conference on Robotics and 
Automation, 2006 ICRA 2006. 2006. p. 2819–23.  
8.  Fromherz P. Three levels of neuroelectronic interfacing: silicon chips with ion channels, 
nerve cells, and brain tissue. Ann N Y Acad Sci. 2006 Dec;1093:143–60.  
9.  Kerr JND, Denk W. Imaging in vivo: watching the brain in action. Nat Rev Neurosci. 2008 
Mar;9(3):195–205.  
10.  Blum. Biosensor Principles and Applications. CRC Press; 1991. 378 p.  
11.  Pancrazio JJ, Whelan JP, Borkholder DA, Ma W, Stenger DA. Development and Application 
of Cell-Based Biosensors. Ann Biomed Eng. 1999 Nov 1;27(6):697–711.  
12.  Neher E, Sakmann B. Single-channel currents recorded from membrane of denervated 
frog muscle fibres. Nature. 1976 Apr 29;260(5554):799–802.  
13.  Sniadecki NJ, Desai RA, Ruiz SA, Chen CS. Nanotechnology for Cell–Substrate Interactions. 
Ann Biomed Eng. 2006 Jan 1;34(1):59–74.  
14.  Hafizovic S, Heer F, Ugniwenko T, Frey U, Blau A, Ziegler C, et al. A CMOS-based 
microelectrode array for interaction with neuronal cultures. J Neurosci Methods. 2007 
Aug 15;164(1):93–106.  
15.  Bakkum DJ, Frey U, Radivojevic M, Russell TL, Müller J, Fiscella M, et al. Tracking axonal 
action potential propagation on a high-density microelectrode array across hundreds of 
sites. Nat Commun [Internet]. 2013 Jul 19 [cited 2013 Nov 10];4. Available from: 
http://www.nature.com/ncomms/2013/130719/ncomms3181/full/ncomms3181.html?
WT.ec_id=NCOMMS-20130724 
16.  Zhang X, Daly JC, Cao Y. 32-Channel Full Customized CMOS Biosensor Chip for 
Extracellular Neural Signal Recording. 2nd International IEEE EMBS Conference on Neural 
Engineering, 2005 Conference Proceedings. 2005. p. 660–3.  
17.  Khodagholy D, Doublet T, Quilichini P, Gurfinkel M, Leleux P, Ghestem A, et al. In vivo 
recordings of brain activity using organic transistors. Nat Commun. 2013 Mar 12;4:1575.  
18.  Fromherz P, Offenhausser A, Vetter T, Weis J. A neuron-silicon junction: a Retzius cell of 
the leech on an insulated-gate field-effect transistor. Science. 1991 May 
31;252(5010):1290–3.  
7. References 
94 
 
19.  Advances in Network Electrophysiology - Using Multi-Electrode Arrays [Internet]. [cited 
2014 Feb 6]. Available from: http://www.springer.com/biomed/neuroscience/book/978-
0-387-25857-7 
20.  Chang JC, Wheeler BC. Pattern Technologies for Structuring Neuronal Networks on MEAs. 
In: Taketani M, Baudry M, editors. Advances in Network Electrophysiology [Internet]. 
Springer US; 2006 [cited 2013 Dec 19]. p. 153–89. Available from: 
http://link.springer.com/chapter/10.1007/0-387-25858-2_7 
21.  Dworak BJ, Wheeler BC. Novel MEA platform with PDMS microtunnels enables the 
detection of action potential propagation from isolated axons in culture. Lab Chip. 2009 
Feb 7;9(3):404–10.  
22.  Hofmann B, Kätelhön E, Schottdorf M, Offenhäusser A, Wolfrum B. Nanocavity electrode 
array for recording from electrogenic cells. Lab Chip. 2011 Feb 28;11(6):1054–8.  
23.  Lin S-P, Chen J-JJ, Liao J-D, Tzeng S-F. Characterization of surface modification on 
microelectrode arrays for in vitro cell culture. Biomed Microdevices. 2008 Feb 
1;10(1):99–111.  
24.  Hai A, Shappir J, Spira ME. Long-Term, Multisite, Parallel, In-Cell Recording and 
Stimulation by an Array of Extracellular Microelectrodes. J Neurophysiol. 2010 Jan 
7;104(1):559–68.  
25.  Gross GW, Rieske E, Kreutzberg GW, Meyer A. A new fixed-array multi-microelectrode 
system designed for long-term monitoring of extracellular single unit neuronal activity in 
vitro. Neurosci Lett. 1977 Nov;6(2–3):101–5.  
26.  Keefer EW, Botterman BR, Romero MI, Rossi AF, Gross GW. Carbon nanotube coating 
improves neuronal recordings. Nat Nanotechnol. 2008 Jul;3(7):434–9.  
27.  Maybeck V, Edgington R, Bongrain A, Welch JO, Scorsone E, Bergonzo P, et al. Boron-
Doped Nanocrystalline Diamond Microelectrode Arrays Monitor Cardiac Action 
Potentials. Adv Healthc Mater. 2013;n/a–n/a.  
28.  Cohen-Karni T, Qing Q, Li Q, Fang Y, Lieber CM. Graphene and Nanowire Transistors for 
Cellular Interfaces and Electrical Recording. Nano Lett. 2010 Mar 10;10(3):1098–102.  
29.  Benfenati V, Toffanin S, Bonetti S, Turatti G, Pistone A, Chiappalone M, et al. A 
transparent organic transistor structure for bidirectional stimulation and recording of 
primary neurons. Nat Mater. 2013 Jul;12(7):672–80.  
30.  Schottdorf M, Hofmann B, Kätelhön E, Offenhäusser A, Wolfrum B. Frequency-dependent 
signal transfer at the interface between electrogenic cells and nanocavity electrodes. 
Phys Rev E. 2012 Mar 29;85(3):031917.  
31.  Spira ME, Hai A. Multi-electrode array technologies for neuroscience and cardiology. Nat 
Nanotechnol. 2013 Feb;8(2):83–94.  
32.  Brüggemann D, Michael KE, Wolfrum B, Offenhäusser A. Adhesion and survival of 
electrogenic cells on gold nanopillar array electrodes. Int J Nano Biomater. 2012 Jan 
1;4(2):108–27.  
33.  Brüggemann D, Wolfrum B, Maybeck V, Mourzina Y, Jansen M, Offenhäusser A. 
Nanostructured gold microelectrodes for extracellular recording from electrogenic cells. 
Nanotechnology. 2011 Jul 1;22(26):265104.  
34.  Wesche M, Hüske M, Yakushenko A, Brüggemann D, Mayer D, Offenhäusser A, et al. A 
nanoporous alumina microelectrode array for functional cell–chip coupling. 
Nanotechnology. 2012 Dec 14;23(49):495303.  
35.  Robinson JT, Jorgolli M, Shalek AK, Yoon M-H, Gertner RS, Park H. Vertical nanowire 
electrode arrays as a scalable platform for intracellular interfacing to neuronal circuits. 
Nat Nanotechnol. 2012 Mar;7(3):180–4.  
7. References 
95 
 
36.  Xie C, Lin Z, Hanson L, Cui Y, Cui B. Intracellular recording of action potentials by 
nanopillar electroporation. Nat Nanotechnol. 2012 Mar;7(3):185–90.  
37.  Lin ZC, Xie C, Osakada Y, Cui Y, Cui B. Iridium oxide nanotube electrodes for sensitive and 
prolonged intracellular measurement of action potentials. Nat Commun [Internet]. 2014 
Feb 3 [cited 2014 Feb 7];5. Available from: 
http://www.nature.com/ncomms/2014/140203/ncomms4206/full/ncomms4206.html 
38.  Hanson L, Lin ZC, Xie C, Cui Y, Cui B. Characterization of the Cell-Nanopillar Interface by 
Transmission Electron Microscopy. Nano Lett. 2012 Nov;12(11):5815–20.  
39.  Hai A, Spira ME. On-chip electroporation, membrane repair dynamics and transient in-
cell recordings by arrays of gold mushroom-shaped microelectrodes. Lab Chip. 2012 Jul 
17;12(16):2865–73.  
40.  Hai A, Kamber D, Malkinson G, Erez H, Mazurski N, Shappir J, et al. Changing gears from 
chemical adhesion of cells to flat substrata toward engulfment of micro-protrusions by 
active mechanisms. J Neural Eng. 2009 Dec 1;6(6):066009.  
41.  Hai A, Shappir J, Spira ME. In-cell recordings by extracellular microelectrodes. Nat 
Methods. 2010 Mar;7(3):200–2.  
42.  Fendyur A, Spira ME. Toward on-chip, in-cell recordings from cultured cardiomyocytes by 
arrays of gold mushroom-shaped microelectrodes. Front Neuroengineering [Internet]. 
2012 Aug 24 [cited 2013 Sep 4];5. Available from: 
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3426852/ 
43.  Fendyur A, Mazurski N, Shappir J, Spira ME. Formation of Essential Ultrastructural 
Interface between Cultured Hippocampal Cells and Gold Mushroom-Shaped MEA- 
Toward ‘IN-CELL’ Recordings from Vertebrate Neurons. Front Neuroengineering 
[Internet]. 2011 Dec 8 [cited 2013 Nov 10];4. Available from: 
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3233721/ 
44.  Verma P, Melosh NA. Gigaohm resistance membrane seals with stealth probe electrodes. 
Appl Phys Lett. 2010 Jul 21;97(3):033704–033704–3.  
45.  Almquist BD, Melosh NA. Fusion of biomimetic stealth probes into lipid bilayer cores. 
Proc Natl Acad Sci U S A. 2010 Mar 30;107(13):5815–20.  
46.  Van Meerbergen B, Jans K, Loo J, Reekmans G, Braeken D, Seon-Ah C, et al. Peptide-
functionalized microfabricated structures for improved on-chip neuronal adhesion. 2008 
30th Annual International Conference of the IEEE Engineering in   Medicine and Biology 
Society, Vols 1-8. New York: Ieee; 2008. p. 1833–6.  
47.  Panaitov G, Thiery S, Hofmann B, Offenhäusser A. Fabrication of gold micro-spine 
structures for improvement of cell/device adhesion. Microelectron Eng. 2011 
Aug;88(8):1840–4.  
48.  Braeken D, Huys R, Jans D, Loo J, Rand DR, Borghs G, et al. Local electrical stimulation of 
single myocytes using three-dimensional electrode arrays with small interelectrode 
distances. In: Dössel O, Schlegel WC, editors. World Congress on Medical Physics and 
Biomedical Engineering, September 7 - 12, 2009, Munich, Germany [Internet]. Springer 
Berlin Heidelberg; 2010 [cited 2013 Aug 9]. p. 212–5. Available from: 
http://link.springer.com/chapter/10.1007/978-3-642-03887-7_59 
49.  Zhou H-B, Li G, Sun X-N, Zhu Z-H, Jin Q-H, Zhao J-L, et al. Integration of Au Nanorods With 
Flexible Thin-Film Microelectrode Arrays for Improved Neural Interfaces. J 
Microelectromechanical Syst. 2009;18(1):88–96.  
50.  Kim R, Hong N, Nam Y. Gold nanograin microelectrodes for neuroelectronic interfaces. 
Biotechnol J. 2013;8(2):206–14.  
7. References 
96 
 
51.  Santoro F, Schnitker J, Panaitov G, Offenhäusser A. On Chip Guidance and Recording of 
Cardiomyocytes with 3D Mushroom-Shaped Electrodes. Nano Lett. 2013 Nov 
13;13(11):5379–84.  
52.  Friedmann A, Cismak A, Tautorat C, Koester PJ, Baumann W, Held J, et al. FIB Preparation 
and SEM Investigations for Three-Dimensional Analysis of Cell Cultures on Microneedle 
Arrays. Scanning. 2012;34(4):221–9.  
53.  Wierzbicki R, Købler C, Jensen MRB, Łopacińska J, Schmidt MS, Skolimowski M, et al. 
Mapping the Complex Morphology of Cell Interactions with Nanowire Substrates Using 
FIB-SEM. PLoS ONE. 2013 Jan 9;8(1):e53307.  
54.  Spira ME, Kamber D, Dormann A, Cohen A, Bartic C, Borghs G, et al. Improved Neuronal 
Adhesion to the Surface of Electronic Device by Engulfment of Protruding Micro-Nails 
Fabricated on the Chip Surface. Solid-State Sensors, Actuators and Microsystems 
Conference, 2007 TRANSDUCERS 2007 International. 2007. p. 1247–50.  
55.  Sileo L, Pisanello F, Quarta L, Maccione A, Simi A, Berdondini L, et al. Electrical coupling of 
mammalian neurons to microelectrodes with 3D nanoprotrusions. Microelectron Eng. 
2013 Nov;111:384–90.  
56.  Cell membrane [Internet]. Wikipedia, the free encyclopedia. 2014 [cited 2014 Mar 5]. 
Available from: 
http://en.wikipedia.org/w/index.php?title=Cell_membrane&oldid=597448809 
57.  Mantel L. Internal Anatomy and Physiological Regulation. Elsevier; 2012. 500 p.  
58.  Maybeck V. Tools for non-invasive communication with electrogenic cells [Elektronische 
Ressource] : optogenetic stimulation and diamond recording devices / Vanessa Maybeck 
[Online-Ressource]. [Aachen]: Hochschulbibliothek Rheinisch-Westfälische Technischen 
Hochschule Aachen; 2012.  
59.  Cooper GM. Transport of Small Molecules [Internet]. 2000 [cited 2014 Feb 3]. Available 
from: http://www.ncbi.nlm.nih.gov/books/NBK9847/ 
60.  Gap junction [Internet]. Wikipedia, the free encyclopedia. 2014 [cited 2014 Feb 3]. 
Available from: 
http://en.wikipedia.org/w/index.php?title=Gap_junction&oldid=592656946 
61.  Eick S. Extracellular stimulation of individual electrogenic cells with micro-scaled 
electrodes [Elektronische Ressource] / vorgelegt von Stefan Eick [Online-Ressource]. 
2010.  
62.  Cerebral cortex [Internet]. Wikipedia, the free encyclopedia. 2014 [cited 2014 Feb 4]. 
Available from: 
http://en.wikipedia.org/w/index.php?title=Cerebral_cortex&oldid=592683319 
63.  Dichter MA. Rat cortical neurons in cell culture: Culture methods, cell morphology, 
electrophysiology, and synapse formation. Brain Res. 1978 Jun 30;149(2):279–93.  
64.  Brewer GJ. Isolation and culture of adult rat hippocampal neurons. J Neurosci Methods. 
1997 Feb;71(2):143–55.  
65.  Brewer GJ, Cotman CW. Survival and growth of hippocampal neurons in defined medium 
at low density: advantages of a sandwich culture technique or low oxygen. Brain Res. 
1989 Aug 7;494(1):65–74.  
66.  Arimura N, Kaibuchi K. Neuronal polarity: from extracellular signals to intracellular 
mechanisms. Nat Rev Neurosci. 2007 Mar;8(3):194–205.  
67.  Molecular Cell Biology. Scientific American Books; 2000. 1344 p.  
68.  Claycomb WC, Lanson NA, Stallworth BS, Egeland DB, Delcarpio JB, Bahinski A, et al. HL-1 
cells: A cardiac muscle cell line that contracts and retains phenotypic characteristics of 
the adult cardiomyocyte. Proc Natl Acad Sci. 1998 Mar 17;95(6):2979–84.  
7. References 
97 
 
69.  Immortalised cell line [Internet]. Wikipedia, the free encyclopedia. 2013 [cited 2014 Feb 
4]. Available from: 
http://en.wikipedia.org/w/index.php?title=Immortalised_cell_line&oldid=585860239 
70.  Sun Y-B, Irving M. The molecular basis of the steep force–calcium relation in heart 
muscle. J Mol Cell Cardiol. 2010 May;48(5):859–65.  
71.  Riseman JEF. Principles of Electrocardiography. Rocky Mt Law Rev. 1942 1943;15:236.  
72.  Niedermeyer E, Silva FHL da. Electroencephalography: Basic Principles, Clinical 
Applications, and Related Fields. Lippincott Williams & Wilkins; 2005. 1340 p.  
73.  Berul CI, Aronovitz MJ, Wang PJ, Mendelsohn ME. In Vivo Cardiac Electrophysiology 
Studies in the Mouse. Circulation. 1996 Nov 15;94(10):2641–8.  
74.  Destexhe A, Rudolph M, Paré D. The high-conductance state of neocortical neurons in 
vivo. Nat Rev Neurosci. 2003 Sep;4(9):739–51.  
75.  Franz MR, Chin MC, Sharkey HR, Griffin JC, Scheinman MM. A new single catheter 
technique for simultaneous measurement of action potential duration and refractory 
period in vivo. J Am Coll Cardiol. 1990 Oct;16(4):878–86.  
76.  Wetzel GT, Klitzner TS. Developmental cardiac electrophysiology recent advances in 
cellular physiology. Cardiovasc Res. 1996 Feb;31 Spec No:E52–60.  
77.  Itabashi Y, Miyoshi S, Yuasa S, Fujita J, Shimizu T, Okano T, et al. Analysis of the 
electrophysiological properties and arrhythmias in directly contacted skeletal and cardiac 
muscle cell sheets. Cardiovasc Res. 2005 Aug 15;67(3):561–70.  
78.  Smetters D, Majewska A, Yuste R. Detecting Action Potentials in Neuronal Populations 
with Calcium Imaging. Methods. 1999 Jun;18(2):215–21.  
79.  Single-unit recording [Internet]. Wikipedia, the free encyclopedia. 2014 [cited 2014 Mar 
18]. Available from: http://en.wikipedia.org/w/index.php?title=Single-
unit_recording&oldid=599927994 
80.  Huxley A. From overshoot to voltage clamp. Trends Neurosci. 2002 Nov 1;25(11):553–8.  
81.  Patch clamp [Internet]. Wikipedia, the free encyclopedia. 2014 [cited 2014 Feb 5]. 
Available from: 
http://en.wikipedia.org/w/index.php?title=Patch_clamp&oldid=579682703 
82.  Yakushenko A, Mayer D, Buitenhuis J, Offenhäusser A, Wolfrum B. Electrochemical 
artifacts originating from nanoparticle contamination by Ag/AgCl quasi-reference 
electrodes. Lab Chip. 2013 Dec 23;14(3):602–7.  
83.  Wheeler BC, Nam Y. In Vitro Microelectrode Array Technology and Neural Recordings. 
Crit Rev Biomed Eng. 2011;39(1):45–61.  
84.  Dadsetan M, Knight AM, Lu L, Windebank AJ, Yaszemski MJ. Stimulation of neurite 
outgrowth using positively charged hydrogels. Biomaterials. 2009 Aug;30(23–24):3874–
81.  
85.  Liu BF, Ma J, Xu QY, Cui FZ. Regulation of charged groups and laminin patterns for 
selective neuronal adhesion. Colloids Surf B Biointerfaces. 2006 Dec 1;53(2):175–8.  
86.  Pine J. Recording action potentials from cultured neurons with extracellular microcircuit 
electrodes. J Neurosci Methods. 1980 Feb;2(1):19–31.  
87.  Blau A. Cell adhesion promotion strategies for signal transduction enhancement in 
microelectrode array in vitro electrophysiology: An introductory overview and critical 
discussion. Curr Opin Colloid Interface Sci. 2013 Oct;18(5):481–92.  
88.  Maria CLS. Optimization of Cell Culture Procedures for Growing Neural Networks on 
Microelectrode Arrays. ProQuest; 2007. 73 p.  
7. References 
98 
 
89.  Thomas Jr. CA, Springer PA, Loeb GE, Berwald-Netter Y, Okun LM. A miniature 
microelectrode array to monitor the bioelectric activity of cultured cells. Exp Cell Res. 
1972 Sep;74(1):61–6.  
90.  Shaikh Mohammed J, DeCoster MA, McShane MJ. Micropatterning of Nanoengineered 
Surfaces to Study Neuronal Cell Attachment in Vitro. Biomacromolecules. 2004 Sep 
1;5(5):1745–55.  
91.  James CD, Davis R, Meyer M, Turner A, Turner S, Withers G, et al. Aligned microcontact 
printing of micrometer-scale poly-L-Lysine structures for controlled growth of cultured 
neurons on planar microelectrode arrays. IEEE Trans Biomed Eng. 2000;47(1):17–21.  
92.  Jun SB, Hynd MR, Dowell-Mesfin N, Smith KL, Turner JN, Shain W, et al. Low-density 
neuronal networks cultured using patterned poly-l-lysine on microelectrode arrays. J 
Neurosci Methods. 2007 Mar 15;160(2):317–26.  
93.  Offenhäusser A, Böcker-Meffert S, Decker T, Helpenstein R, Gasteier P, Groll J, et al. 
Microcontact printing of proteins for neuronal cell guidance. Soft Matter. 2007 Feb 
14;3(3):290–8.  
94.  Wang L, Liu L, Li X, Magome N, Agladze K, Chen Y. Multi-electrode monitoring of guided 
excitation in patterned cardiomyocytes. Microelectron Eng. 2013 Nov;111:267–71.  
95.  Cheng J, Zhu G, Wu L, Du X, Zhang H, Wolfrum B, et al. Photopatterning of self-assembled 
poly (ethylene) glycol monolayer for neuronal network fabrication. J Neurosci Methods. 
2013 Mar 15;213(2):196–203.  
96.  Baek NS, Lee J-H, Kim YH, Lee BJ, Kim GH, Kim I-H, et al. Photopatterning of Cell-
Adhesive-Modified Poly(ethyleneimine) for Guided Neuronal Growth. Langmuir. 2011 
Mar 15;27(6):2717–22.  
97.  Nam Y, Chang JC, Wheeler BC, Brewer GJ. Gold-coated microelectrode array with thiol 
linked self-assembled monolayers for engineering neuronal cultures. IEEE Trans Biomed 
Eng. 2004 Jan;51(1):158–65.  
98.  Rutten WLC. Selective Electrical Interfaces with the Nervous System. Annu Rev Biomed 
Eng. 2002;4(1):407–52.  
99.  Wrobel G, Höller M, Ingebrandt S, Dieluweit S, Sommerhage F, Bochem HP, et al. 
Transmission electron microscopy study of the cell–sensor interface. J R Soc Interface. 
2008 Jun 2;5(19):213–22.  
100.  Gleixner R, Fromherz P. The Extracellular Electrical Resistivity in Cell Adhesion. Biophys J. 
2006 Apr 1;90(7):2600–11.  
101.  Choi DS, Fung AO, Moon H, Villareal G, Chen Y, Ho D, et al. Detection of Neural Signals 
with Vertically Grown Single Platinum Nanowire-Nanobud. J Nanosci Nanotechnol. 
2009;9(11):6483–6.  
102.  Braeken D, Huys R, Jans D, Loo J, Rand DR, Borghs G, et al. Local electrical stimulation of 
single myocytes using three-dimensional electrode arrays with small interelectrode 
distances. In: Dössel O, Schlegel WC, editors. World Congress on Medical Physics and 
Biomedical Engineering, September 7 - 12, 2009, Munich, Germany [Internet]. Springer 
Berlin Heidelberg; 2010 [cited 2013 Jul 15]. p. 212–5. Available from: 
http://link.springer.com/chapter/10.1007/978-3-642-03887-7_59 
103.  Dendritic spine [Internet]. Wikipedia, the free encyclopedia. 2014 [cited 2014 Mar 20]. 
Available from: 
http://en.wikipedia.org/w/index.php?title=Dendritic_spine&oldid=594239739 
104.  Hai A, Dormann A, Shappir J, Yitzchaik S, Bartic C, Borghs G, et al. Spine-shaped gold 
protrusions improve the adherence and electrical coupling of neurons with the surface of 
micro-electronic devices. J R Soc Interface. 2009 Jun 12;6(41):1153–65.  
7. References 
99 
 
105.  Xie C, Hanson L, Xie W, Lin Z, Cui B, Cui Y. Noninvasive Neuron Pinning with Nanopillar 
Arrays. Nano Lett. 2010 Oct 13;10(10):4020–4.  
106.  Caswell PT, Vadrevu S, Norman JC. Integrins: masters and slaves of endocytic transport. 
Nat Rev Mol Cell Biol. 2009 Dec;10(12):843–53.  
107.  Lešer V, Drobne D, Pipan Ž, Milani M, Tatti F. Comparison of different preparation 
methods of biological samples for FIB milling and SEM investigation. J Microsc. 
2009;233(2):309–19.  
108.  Gusnard D, Kirschner RH. Cell and organelle shrinkage during preparation for scanning 
electron microscopy: effects of fixation, dehydration and critical point drying. J Microsc. 
1977;110(1):51–7.  
109.  Drobne D, Milani M, Lešer V, Tatti F. Surface damage induced by FIB milling and imaging 
of biological samples is controllable. Microsc Res Tech. 2007;70(10):895–903.  
110.  Jansen, Michael. Production and characterization of Au-nanopillar-electrodes for 
electrical coupling with neurons [Diploma thesis]. RWTH Aachen; 2008.  
111.  Santoro F, Dasgupta S, Schnitker J, Auth T, Neumann E, Panaitov G, et al. Interfacing 
Electrogenic Cells with 3D Nanoelectrodes: Position, Shape, and Size Matter. ACS Nano. 
2014 Jul 22;8(7):6713–23.  
112.  Schnitker J, Afanasenkau D, Wolfrum B, Offenhaeusser A. Planar reference electrodes on 
multielectrode arrays for electrochemical measurements of ionic currents. Phys Status 
Solidi -Appl Mater Sci. 2013 May;210(5):892–7.  
113.  Sluyters-Rehbach M. Impedances of electrochemical systems: Terminology, 
nomenclature and representation - Part I: Cells with metal electrodes and liquid solutions 
(IUPAC Recommendations 1994). Pure Appl Chem [Internet]. 1994 Jan 1 [cited 2014 Apr 
2];66(9). Available from: http://iupac.org/publications/pac/66/9/1831/ 
114.  Randles JEB. Kinetics of rapid electrode reactions. Discuss Faraday Soc. 1947 Jan 
1;1(0):11–9.  
115.  Randles circuit [Internet]. Wikipedia, the free encyclopedia. 2014 [cited 2014 Apr 2]. 
Available from: 
http://en.wikipedia.org/w/index.php?title=Randles_circuit&oldid=488800052 
116.  Warburg coefficient [Internet]. Wikipedia, the free encyclopedia. 2013 [cited 2014 Apr 2]. 
Available from: 
http://en.wikipedia.org/w/index.php?title=Warburg_coefficient&oldid=546224929 
117.  Trypan blue [Internet]. Wikipedia, the free encyclopedia. 2014 [cited 2014 Feb 11]. 
Available from: 
http://en.wikipedia.org/w/index.php?title=Trypan_blue&oldid=567224416 
118.  Hemocytometer [Internet]. Wikipedia, the free encyclopedia. 2014 [cited 2014 Feb 11]. 
Available from: 
http://en.wikipedia.org/w/index.php?title=Hemocytometer&oldid=589028147 
119.  Wright CS. Structural comparison of the two distinct sugar binding sites in wheat germ 
agglutinin isolectin II. J Mol Biol. 1984 Sep 5;178(1):91–104.  
120.  Carbon dioxide [Internet]. Wikipedia, the free encyclopedia. 2014 [cited 2014 Feb 12]. 
Available from: 
http://en.wikipedia.org/w/index.php?title=Carbon_dioxide&oldid=594583554 
121.  Focused ion beam [Internet]. Wikipedia, the free encyclopedia. 2014 [cited 2014 Feb 12]. 
Available from: 
http://en.wikipedia.org/w/index.php?title=Focused_ion_beam&oldid=576678390 
122.  Reyntjens S, Puers R. A review of focused ion beam applications in microsystem 
technology. J Micromechanics Microengineering. 2001 Jul 1;11(4):287.  
7. References 
100 
 
123.  Santoro F, Neumann E, Panaitov G, Offenhäusser A. FIB section of cell–electrode 
interface: An approach for reducing curtaining effects. Microelectron Eng. 2014 Jul 
25;124:17–21.  
124.  Kaksonen M, Toret CP, Drubin DG. Harnessing actin dynamics for clathrin-mediated 
endocytosis. Nat Rev Mol Cell Biol. 2006 Jun;7(6):404–14.  
125.  Lamaze C, Fujimoto LM, Yin HL, Schmid SL. The Actin Cytoskeleton Is Required for 
Receptor-mediated Endocytosis in Mammalian Cells. J Biol Chem. 1997 Aug 
15;272(33):20332–5.  
126.  Jeng RL, Welch MD. Cytoskeleton: Actin and endocytosis — no longer the weakest link. 
Curr Biol. 2001 Sep 4;11(17):R691–R694.  
127.  Friedmann A, Hoess A, Cismak A, Heilmann A. Investigation of cell–substrate interactions 
by focused ion beam preparation and scanning electron microscopy. Acta Biomater. 2011 
Jun;7(6):2499–507.  
128.  Vinzenz M, Nemethova M, Schur F, Mueller J, Narita A, Urban E, et al. Actin branching in 
the initiation and maintenance of lamellipodia. J Cell Sci. 2012 Jun 1;125(11):2775–85.  
129.  Hanson L, Lin ZC, Xie C, Cui Y, Cui B. Characterization of the cell-nanopillar interface by 
transmission electron microscopy. Nano Lett. 2012 Nov 14;12(11):5815–20.  
130.  Stenger DA, Pike CJ, Hickman JJ, Cotman CW. Surface determinants of neuronal survival 
and growth on self-assembled monolayers in culture. Brain Res. 1993 Dec 10;630(1–
2):136–47.  
131.  Turner AMP, Dowell N, Turner SWP, Kam L, Isaacson M, Turner JN, et al. Attachment of 
astroglial cells to microfabricated pillar arrays of different geometries. J Biomed Mater 
Res. 2000;51(3):430–41.  
132.  Park J, Kim H-N, Kim D-H, Levchenko A, Suh K-Y. Quantitative Analysis of the Combined 
Effect of Substrate Rigidity and Topographic Guidance on Cell Morphology. IEEE Trans 
NanoBioscience. 2012;11(1):28–36.  
133.  Ross AM, Jiang Z, Bastmeyer M, Lahann J. Physical Aspects of Cell Culture Substrates: 
Topography, Roughness, and Elasticity. Small. 2012;8(3):336–55.  
134.  Andersson A-S, Bäckhed F, von Euler A, Richter-Dahlfors A, Sutherland D, Kasemo B. 
Nanoscale features influence epithelial cell morphology and cytokine production. 
Biomaterials. 2003 Sep;24(20):3427–36.  
135.  Kim D-H, Lipke EA, Kim P, Cheong R, Thompson S, Delannoy M, et al. Nanoscale cues 
regulate the structure and function of macroscopic cardiac tissue constructs. Proc Natl 
Acad Sci. 2010 Dec 1;107(2):565–70.  
136.  Duan X, Gao R, Xie P, Cohen-Karni T, Qing Q, Choe HS, et al. Intracellular recordings of 
action potentials by an extracellular nanoscale field-effect transistor. Nat Nanotechnol. 
2012 Mar;7(3):174–9.  
 
 
Acknowledgments 
101 
 
Acknowledgments 
Prof. Offenhäusser, it was an honour for me to have you as supervisor during these 
three years. You made me to ‘grow up’ as a person and as a scientist. You tought me 
how to face problems in a lab and in life, you guided me through this pathway, you told 
me when I was doing right but above all when I was wrong. I wish every scientist could 
meet a person like you during their scientific ‘life’, they could just learn from you. When 
I moved to Germany, I was afraid I would have failed. If I did not fail is because of you 
and your infinite support. You understood my silences, my ‘it is not so bad’ and you 
celebrated our successes with a spirit that only a person with a big heart like you can do.  
I wish our pathways will get together again, it would be an honour for me again. 
Prof. Mokwa, I thank you for the great help, advices and discussions we had during my 
PhD time.  
IHRS BioSoft, it is not only a school, it is a place where you develop yourself as a mature 
scientist and have the chance to improve skills. I would like to thank everyone there, for 
the interesting time spent in lectures and talks. 
Dr. Panaitov, I am thankful for your help to make start this complex project, your 
advices where fundamental for me to find the right way to go. 
Prof. Gompper, Dr. Auth, Mr. Dasgupta, I want to thank you for the important 
collaboration we had together and moreover I am grateful for the theoretical 
knowledge I could get from you. 
Dr. Bernhard Wolfrum, Dr. Dirk Mayer and Dr. Simone Meffert, thanks for the help and 
time you always had for me. It is rare to find such scientists interested and keane like 
you. 
Dr. Elmar Neumann, I really have not enough words to explain how much I am thankful 
to you. You motivated and pushed me during a very difficult time of my PhD. 
Marko, Elke, Tina, Rita, Michael, I thank you for all and everything. You never said ‘no’ to 
me, always with a smile, everything was always possible and it is possible in labs and 
cleanroom because of you. 
Vanessa, it is obvious that I should thank you for making me understanding a bit more of 
this black box called biology. Well, these 3 years were more than this: language 
problems, infinite questions about infinite topics, infinite chats about infinite topics. You 
were more than an office mate, you are the only one who knows when to offer me a 
cookie or chocolate because I am sad. You understood me. 
Alexey, Martin H., Janis, Enno, Michael J., Alexandre, Ranjita, Dzmitry A., Volker, Sergii,  I 
enjoyed the time with you, for scientific discussions or just for a good chat. 
Acknowledgments 
102 
 
I want to thank all the members in ICS-8/PGI-8 for the nice working environment, these 
3 years were long and too short at the same time. I could not imagine not a better place 
for working. Vielen Dank! 
I am glad I have met some people which became important for me and my life during 
the last 3 years. When I came to Germany, I was sckeptical I could find real, good 
friends. We say in Italian, ‘those friends you share the food from the same plate’. Well, 
after 3 years I think that I was stupid, stupid enough to not expect to find such big 
tresors.  
Stella, I just want to say ‘my life was fine before Stella came’. You are the person I have 
been missing for 2 years.  
Philipp, I learnt from you a lot. I learnt about various things, how to be interested in 
things, and how to recognize a good friend. It took me a while to understand you, but 
then I discovered the big Philipp’s word, and I enjoyed it. You were there for every 
complain, every happy moment, for every good laugh and every tear. Sandra, you are a 
sincere person, honest like few persons I ever met in my life. I thank you because you 
listened to me when no one would have listened. You and the little guy that is coming 
made my ‘german’ life better! 
Jan, we discussed, we fighted (a lot), we celebrated small and big successes together. 
We crashed our heads into the wall during the bad times. Most of my motivation came 
from one of your little ‘push’, like on the yellow mountain in China. You were always 
there, in all and everything. Forgive me if I will get a degree in engineering and I do not 
know how to solder.  
Luca, mi hai sempre sostenuto in tutto e per tutto con l’onesta’ e un cuore che poche 
persone al mondo hanno. Non ho abbastanza parole per esprimere quanto tu sia 
riuscito a starmi vicino in questi tre anni. 
Anna Lisa, mi hai sempre sostenuto, costantemente in questi tre anni. Hai capito i miei 
silenzi, la mia rabbia, la mia gioia, la mia tristezza. Anche se il sangue ci divide, tu per me 
sei una sorella. 
L’ultimo ringranziamento va alle persone piu’ importanti, alle quali ho dedicato questo 
lavoro: I miei genitori e mia sorella Simona. Hanno condiviso con me non solo questi tre 
anni ma la sofferenza di essere distanti ogni singolo attimo. Questi tre anni sono stati 
difficili per tanti motivi, ma solo perche’ eravamo sempre insieme siamo riusciti a 
superarli. Tutto il buono che c’e’ in me, e’ grazie a voi. Al di la’ di qualunque successo, la 
cosa che conta e contera’ sempre per me siete voi. 
Appendix A: Materials List 
 
103 
 
Appendix A: Materials List 
 
Material Specifications (if 
necessary) 
Supplier 
Bovine serum albumin Inactivation at 56°C for 
30 minutes 
Sigma Aldrich 
Neurobasal™ medium [-] L-Glutamine Life Technologies 
L-Glutamine 200 mM Life Techbologies 
Pen Strep 10,000 units/ml Life Technologies 
B-27 Supplement  Life Technologies 
Trypsin EDTA 0.05% and 0.025% Life Technologies 
Fibronectin  Fisher Scientific/Sigma 
Aldrich 
Glutaraldehyde 50% in water Sigma Aldrich 
Paraformaldehyde powder, 95% Sigma Aldrich 
PMMA AR-P-669.07 600K Allresist 
PMMA AR-P-679.04 950K Allresist 
PMMA AR-P-669.04 600K Allresist 
Wheat Germ Agglutinin 
conjugated with Alexa 
Fluor 488® 
1 mg/ml in PBS Life Technologies 
DAPI 2.5 mg/ml Life Technologies 
Calcein AM 1 mg/ml in DMSO Life Technologies 
Ethidium Homodimer-1  Life Technologies 
Alexa Fluor®568 
Phalloidin 
6.6 M Life Technologies 
Biotin-XX phalloidin 6.6 M Life Technologies 
NANOGOLD® 
Streptavidin 
80 g protein/ml Molecular Probes 
Norepinephrine 10 mM Sigma Aldrich 
NaCl  Sigma Aldrich 
KCl  Sigma Aldrich 
Na2HPO4  Sigma Aldrich 
KH2PO4  Sigma Aldrich 
ANPE80/5/5/10  Microresist Technology 
Acetone  Sigma Aldrich 
Ethanol  Sigma Aldrich 
PUR-A-Gold 401 B  Enthone Gmbh 
K[Au(CN)]2  Enthone Gmbh 
Goat serum EU Approved Origin New Life Technologies 
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Zeland 
Fetal bovine serum EU Approved Origin 
South America 
Life Technologies 
Gentamycin 10 mg/ml Life Technologies 
Claycomb medium  Sigma Aldrich 
Hibernate®-A medium  Life Technologies 
Poly-D-lysine 1 mg/ml Sigma Aldrich 
Poly-L-lysine 1 mg/ml Sigma Aldrich 
Trypan Blue 4% Life Technologies 
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Appendix B: Solutions 
B1. Electrodeposition solution 
 1.5 L of PUR-A-Gold 401 B is heated up to 60°C and filtered with 5893 blue  
ribbon (Schleicher & Schuell) 
 40.2 g of K[Au(CN)]2 is dissolved in 1l of distilled water which is heated up to 
60°C. 
 The potassium gold cynide solution is filled into the PUR-A-Gold bath to the total 
volume of 2.5 l 
 The resulting gold bath has a pH-value of 5.8, a density of 1.1 g/ml and a gold 
concentration of 10 g/l. 
 
 
B2. Phosphate Buffer Saline solution (PBS) 
 In 1 l of distilled water, NaCl is dissolved to a final concentration of 137 mM, KCl 
to a final concentration of 2,7 mM, Na2HPO4 to a final concentration of 8 mM, 
and KH2PO4 to a final concentration of 1.8 mM. 
 This solution is then diluted in a concentration of 1:10 in distilled water. 
 
B3. Blocking Solution (BS) 
 0.5 g of Bovine serum albumin and 1 ml of goat serum were diluted in 50 ml of 
PBS solution. 
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Appendix C: Cell Culture Media 
C1. HL-1 media 
 11.2 ml of fetal bovine serum (final concentration 10% v/v), 1.14 ml of Pen Strept 
(final concentration of 100 g/ml), 1.14 mL of Norepinephrine (final 
concentration 0.1 mM), and 1.14 ml of L-Glutamine (final concentration 2 mM) 
were added to 100 ml of Claycomb media. 
 
C2. Cortical Neurons media 
 500 l of B27 (final concentration 1% v/v), 125 l of L-Glutamine (final 
concentration 0.25% v/v), 50 l of gentamycin (final concentration 1‰ v/v) were 
added to 50 ml of Neurobasal™ media. 
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Appendix D: Acronyms 
Abbreviation Description 
AP Action Potential 
BS Blocking solution 
CPE Constant Phase Element 
DAPI 4’,6’-diamidino-2-phenylindole 
DIC Differential Interference Contrast 
DIV Days In Vitro 
DNA Deoxyribo Nucleic Acid 
EBID Electron Beam Induced Deposition 
EDTA Ethylenediaminetetraacetic Acid 
FET Field Effect Transistor 
FIB Focused Ion Beam 
GBSS Grey’s Balanced Salt Solution 
HBSS Hank’s Balanced Salt Solution 
HL-1 Cardiomyocyte-like cell line derived from 
AT-1 mouse atrial tumor (68) 
IBID Ion Beam Induced Deposition 
MEA Multi Electrode Array 
NorA Norepinephrine 
PBS Phosphate Buffer Saline solution 
PDL Poly-D-lysine 
PDMS Polydimethylsiloxane 
PEG Polyethylene glycol 
PLL Poly-L-lysine 
PMMA Poly(methyl methacrylate) 
RIE Reactive Ion Etching 
RMS Root Mean Squared 
SAM Self Assembled Monolayer 
SEM Scanning Electron Microscopy 
SNR Signal-to-Noise Ratio 
TEM Transmission Electron Microscopy 
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